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Abstract
The aim of this research project was to undertake the surface characterisation of (0001)-
Zn, (000-1)-O, polar and (10-10), (11-20) non-polar ZnO surfaces by x-ray photoelectron
spectroscopy (XPS) and to develop surface cleaning procedures to make these surfaces suit-
able for subsequent device processing. Conventional XPS and synchrotron radiation based
photoelectron spectroscopy (SRPES) were used to undertake binding energy calibrations,
estimations of surface contamination, stoichiometric analysis and electronic band alignment
measurements for the different ZnO surfaces. A wide range of cleaning procedures including
ex-situ organic solvent cleaning, in-situ ultra-high vacuum (UHV) annealing, in-situ atomic
hydrogen and atomic oxygen cleaning as well as in-situ high temperate molecular oxygen
annealing treatments were systematically investigated and evaluated as to their effectiveness
at preparing contamination free surfaces. The ex-situ wet chemical cleaning resulted in only
a small reduction in the carbon contamination signal and a corresponding increase in the
surface hydroxide signal. On all ZnO surfaces investigated, the contamination was reduced
at different rates, depending up on the surface termination. The in-situ surface cleaning
studies showed that while in general it is possible to remove the carbon contamination by
a variety of methods, the surface hydroxide species cannot be removed, due to the bond
strength of O-H. The OH presence may well reflect the re-adsorption of hydroxide groups in
the UHV environment. It was found that the effective carbon removal temperature for the
ZnO surfaces using atomic hydrogen cleaning was 600 ◦C, using molecular oxygen thermal
cleaning it was 700 ◦C and for atomic oxygen, the cleaning temperature was 400 ◦C. As the
result of removing carbon contamination on all ZnO surfaces, the natural surface downward
banding was reversed into upward band bending.
Keywords: Semiconductor surfaces, Electronic properties, ZnO, Surface cleaning, XPS,
SRPES
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Chapter 1
Introduction
This introduction will discuss the importance of surface cleaning of ZnO for reliable
device fabrication which is the focus of this thesis. A brief review of both the surface
science of ZnO and semiconductor surface cleaning in general will also be discussed.
1.1 Zinc Oxide
1.1.1 Technological applications
ZnO is a key emerging technological material, due to its versatile semiconducting, op-
toelectronic, piezoelectric, and pyroelectric properties and it is bio-compactable [1–4].
For more than 150 years, ZnO has been widely used in a range of chemical and indus-
trial applications. ZnO was the first man made zinc compound and was formed as a
by-product of copper smelting [4]. In the beginning of the 19th century, ZnO power
was used in pharmaceuticals and cosmetics because of its anti-bacterial and non-
toxic properties. ZnO is still an important materail in many industrial manufacturing
processes including paints, cosmetics, pharmaceuticals, plastics, batteries, electrical
equipment, rubber, soap, textiles and even floor coverings [1]. In the 1950s more scien-
tific applications of ZnO and related to its, semiconductor, piezoelectric, luminescent,
ultraviolet (UV) absorption, ferrite, photoconductive and photochemical properties
were discovered [5]. This research further widened the possibilities of ZnOs applica-
tion in the fabrication of electronics, photonics, acoustic and sensing devices [6]. More
recently, the growth of nanotechnology accelerated ZnO research further, since it can
be grown as a nanomaterial suitable for fabrication of various nanoscale devices and
sensors. Currently, 100,000 tonnes of ZnO is produced annually making it an easily
available material for both current and and future applications [3]. The diverse fields
(biological, chemical to physical) of applications of ZnO are illustrated in figure 1.1.
ZnO has a direct band gap of 3.37 eV (II-VI) wide band gap, n- type semicon-
ductor), which makes it transparent to visible light and it is being considered of
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Figure 1.1: Some of the range of applications of Zinc Oxide
optoelectronic applications in the near UV wavelength range. ZnO has an exciton
binding energy of ≈60 meV and this high binding energy enhances the luminescence
efficiency of light emission [1]. The wurzite (at room temperature) structured ZnO
crystals have non-central symmetry ions which produces a piezo electric potential due
to polarisation of the ions by applying an external mechanical stress [7]. Furthermore,
pyroelectricity can also be obtained from ZnO crystals resulting from the differential
change in polarisation caused by heating the crystals [8]. ZnO also has excellent ther-
mal properties, with a high melting point of 2000 ◦C, high heat capacity, high heat
conductivity and low thermal expansion [9] which all makes ZnO a suitable material
for developing thermally stable devices. Early ZnO electronic and photonic devices
were reported in the later 1950s [2]. In 1965, ZnO based Schottky diodes [10] were
made with gold contacts. ZnO LEDs [11] were demonstrated with Cu2O as p-type
material in 1967. Metal - insulator - semiconductor (MIS) structures [12] were fabri-
cated in 1974. The p-n junctions [13] of ZnO/ZnTe were successfully formed in 1975
and Al/Au contacts [14] were investigated in 1978. More recently doped ZnO has been
investigated for application as a possible transparent conductive oxide (TCO) alter-
native to indium tin oxide (ITO) and transparent thin film transistors (TFTs) [15].
Pulsed laser deposition grown ZnO epitaxial layers has also been used to fabricate
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LEDs and laser diodes. For technological applications, melt grown and hydrothermal
grown 4 inch ZnO single crystal wafers are now commercially available as semicon-
ductor substrates for homo and heterostructures. The breadth of application for ZnO
based applications is captured in figure 1.2.
Figure 1.2: A historical stream for research topics and electronic, optoelectronic applications
of ZnO. The inset pictures are (a) sintered ceramics, (b) powders, (c) a transparent transistor
made on glass, (d) a blue light emitting diode made of ZnO p-n junction, (e) and atomic
force microscope image of a ZnO single crystal substrate surface that exhibits step and
terrace structure, and (f) a commercially available ZnO single crystal wafer with a diameter
of 2 inch [16].
Room temperature ferromagnetism can be achieved in ZnO by doping with 3d
transition metals (e.g. Mn, Co, V, Ni, Ti, Fe, etc) making ZnO a dilute magnetic
semiconductor (DMS) for spintronic device applications [2]. By utilizing the piezo-
electric properties of ZnO, bulk acoustic wave and surface acoustic wave resonators
(SAW), filters and sensors have been fabricated [2]. A new field of research, piezotron-
ics and piezo-phototronics as proposed by Wang [7], is emerging which aims to develop
self-powered nanodevices and nanosystems based on ZnO nanostructures. Due to the
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pryoelectric property of ZnO, thin film pyroelectric sensors were manufactured for
applications in pollution monitoring, hot image detectors, intruder alarms and gas
analysis [17]. Additionally, the radiation hardness of ZnO to MeV proton irradiation
makes it an ideal candidate for applications in space [18]. Application of ZnO as semi-
conductor based scintillators [19] and pulsed radiation detectors for X-ray, Gamma
rays were also under development [20].
In nanotechnology, ZnO is one of the most studied nanomaterial in terms of growth,
characterisation, and device applications. ZnO nanostructures can be grown by a vari-
ety of physical and chemical methods including a vapour-liquid-solid (VLS) technique,
physical vapour deposition (PVD), chemical vapour deposition (CVD), metal-organic
chemical vapour deposition (MOCVD), and multiple hydrothermal methods [21].
These nanostructures were grown in different shapes and sizes by controlling growth
process conditions. A wide range of morphologies have been reported in the literature
ranging from nanorods, nanoplates, to nanopropellers and nanoflowers [22] and SEM
images showing a selection of these structures are displayed in Figure 1.3 [21]. The
large surfaceto-volume ratio of nanostructures makes them more suitable for sensors
and photovoltaic devices like UV detector, solar cells, etc. ZnO nanostructures have
become fundamental building blocks for applications such as nano-lasers, field-effect
transistors, ultrasensitive nano-gas sensors, nano-resonators, transducers, actuators,
nano-cantilevers, and field-emitters (FEs) [2].
The ZnO surface is inherently very reactive due to the presence of oxygen vacan-
cies. It has a tendency to absorb gas and bio-molecules onto the surface which affect
the electrical conductivity or change in resistance of ZnO thin film or nanowire leads
making it suitable for sensor applications. ZnO based nano-gas sensors have demon-
strated sensitivity to NO2, NH3, NH4, CO, H2, H2O, O3, H2S, and C2H5OH [15].
Selectivity of a particular gas is a very important parameter in gas sensors and this
is achieved in ZnO gas sensors by sensing at different temperature for different gas
molecules [23]. Similar to gas molecules, biological molecules also react with ZnO
surface. Hence ZnO has shown potential application as biosensors with the added ad-
vantages of stability in air, non-toxicity, chemical stability, electrochemical activity,
ease of synthesis, and bio-safety [2]. ZnO nanorods structures have been used as pH,
cholesterol and glucose sensors [23].
ZnO is a biodegradable material and is being considered as a possible biocompati-
ble material suitable for medical and biological applications. ZnO nanoparticles have
been recognised as having anti-bacterial properties due to the emission of UV light
remittance on illumination of laser light of the current wavelength. It has been used
for cholesterol sensing, hydrolysis activity for controlling diabetes, hyperlipaemea,
cell imaging, modulating allergic reactions, and other antimicrobial applications [24].
ZnO nanomaterials below 100 nm size have been found to be the most suitable for
biocompatibility. These nanostructures are easily biodegradable by dissolving into
ions, which can be absorbed by body. ZnO hallow nano-tube structures have been
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Figure 1.3: SEM images of various ZnO nanostructures [21]
found to be suitable for drug delivery and slow drug release applications. Among
all other metal oxide nanoparticles, the ZnO nanoparticles have been shown to be
effective as a cancer treatment because of its cytotoxicity. The cytotoxic property
of ZnO nanoparticle has been shown to increase with the reduction in nanoparticles
size. Several studies show ZnO nanoparticles have been effective in treating different
types of cancers like glioma, breast, bone, colon and lymphomas [24].
1.1.2 Surface properties of ZnO
The surface science of ZnO has become an important field of research due to the
different chemical and physical properties of its polar and non-polar surfaces. These
surface properties are very important for applications like catalysis, electronic devices,
sensors and nanostructure based devices. The four most common face terminations
of wurtzite ZnO as schematically illustrated in figure 1.4 are the polar Zn- terminated
(0001) and O terminated (000-1) faces (c-axis oriented), and the non-polar (11-20)
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(a-axis) and (10-10) (m-axis) faces. The polar faces are known to possess differ-
ent chemical and physical properties, and the O-terminated (000-1) face possesses a
slightly different electronic structure to the other three faces. The non-polar surfaces
(11-20) and (10-10) both contains equal number of Zn and O atoms on the surface
termination [25] [25]. A detailed review of surface chemistry of the ZnO polar and
non-polar surface was reported by C.Woll [25]. In the case of the non-polar surface
there is no dipole moment and hence the surface is chemically stable. For polar sur-
face terminations with the cation Zn2+ or anion O2− the surface is not chemically
stable [26]. The geometric structure, electronic structure and molecular adsorption
properties are discussed in this chapter.
Figure 1.4: Morphology of the ZnO single crystal with different surfaces.
1.1.2.1 Crystal Structure
Zno being a II-VI compound semiconductor whose ionicity resides at the borderline
between the covalent and ionic semiconductors. Hence, ZnO crystal structure was
shared by three types (a) wurzite (B4), (b) zinc blende (B3) and rocksalt(NaCl) (B1)
were shown in figure 1.5. Under ambient pressure and temperature ZnO forms the
stable phase of wurzite symmetry. The zinc blende ZnO structure can be stabilized
only by growth on cubic substrates, and the rocksalt or Rochelle salt (NaCl) structure
may be obtained at relatively high pressures, as in the case of GaN [2]
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Figure 1.5: ZnO crystal structures: (a) cubic rocksalt (B1), (b) cubic zinc blende (B3),
and (c) hexagonal wurtzite (B4). Shaded gray and black spheres denote Zn and O atoms,
respectively. [2]
1.1.2.2 Geometric structure
When a single crystal of ZnO is cleaved normal to the c-axis in such a way as to break
the fewest number of inter atomic bonds, two different polar surfaces are formed on
opposing crystal faces, each having only one type of ion in its outermost plane. The
cation (Zn+) plane is outer most for the (0001) surface and anion (O−) plane is outer
most for the (000-1) surface. These orientations are also basal planes in that they are
perpendicular to the c-axis of the crystal. The (0001) Zn terminated and (000-1) O
terminated surfaces behave very differently due to different atomic species that are
outermost on the two faces as illustrated in figure 1.6(a,b). The different termination
of these two faces can be deduced by their response to etching with hydrochloric
acid (HCl) solutions. The (0001) face is relatively unaffected, while the (000-1) face
is rapidly etched and becomes visibly roughened. In the growth of ZnO thin films,
the dominant natural grown surface is (000-1) oxygen terminated face. The ideal
bulk terminations of these two surfaces are energetically unfavourable and there are a
number of possibilities to remove these instabilities. The first one is a charge transfer
between the two different polar surfaces without a significant rearrangement of the
geometric positions. The second one is a reconstruction changing the geometry of
the surface and the third one involves the adsorption of additional charged particles
on the surface resulting in stabilisation [27]. Both (10-10) and (11-20) surfaces are
atomically flat and have equal numbers of cations and anions in the surface plane
as shown in figure 1.6(c,d). The planes can be thought of in terms of Zn-O pairs or
dimers in that on the (10-10) face these dimers bond to ions in the plane below rather
than directly to each other, while on the (11-20) face they bond to each other as well
as to the plane below and are arranged in zigzag rows parallel to the c-axis. Among
all four surfaces, the (10-10) is the most stable one for ZnO, while (11-20) was the
least stable [27].
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Figure 1.6: Top and side views of atomic models for the bulk-terminated ZnO surfaces
(0001), (b) (000-1), c) (10-11) and (d) (11-20) [28].
1.1.2.3 Electronic structure
The electronic structure of the different ZnO surface terminations were calculated
by theoretical methods and also measured by photoemission spectroscopy [29]. Elec-
tronic properties such as valence band maximum (VBM), work function (φ), electron
affinity (χ) and density of states were measured by ultraviolet photoelectron spec-
troscopy (UPS) and soft-X-ray photoemission spectroscopy (SX-PES) showed that
the electronic structure of ZnO is highly surface sensitive. The valence band spectra
displayed in figure 1.7 measured by UPS for all four ZnO surfaces have a large peak
about 10 eV binding energy which originates from the filled Zn 3d energy level [30].
The ZnO valance band feature extending from 3 to 8 eV binding energy is attributed
from theoretical predictions to relate to emission from the non-bonding O 2p orbitals
while the emission from 5 to 8 eV is a bonding combination of O 2p and Zn 4s or-
bitals [27]. There are large differences in the relative intensity of these valence band
features for the different surface terminations as illustrated in figure 1.8.
By determining the position of the valence band maximum with respect to the
Fermi level position of a metal in contact with the sample, the upward or downward
band bending at the surface can be determined. Recently reported, angle resolved
photoemission (ARPES) study VBM measurement for both clean (0001)Zn and (000-
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Figure 1.7: UPS spectra for the all four different ZnO surfaces [30].
Figure 1.8: Difference between UPS spectra take at surface sensitive photo energies for the
(10-10), (0001)-Zn, and (000-1)-O surfaces [31].
1)O surface is 2.9 eV, which leads to upward band bending [32]. The cleaned non-
polar surface (10-10) has VBM at 3.3 eV which is of downward band bending [32].
The work function (φ) is an important electronic property to predict the Ohmic or
Schottky behaviour of metal - semiconductor interfaces. The work function of ZnO
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single crystal faces has been measured by several techniques on surfaces prepared in
various ways. In 1976, an initial study of the work function value for ZnO (0001) was
reported as 3.15 eV and the value for the ZnO (000-1) is 4.85 eV [33]. The Kelvin
probe method was used to measure the work function for different freshly cleaved ZnO
surfaces and gave the following values (0001) - 4.25 eV, (000-1) - 4.95 eV and (10-10) -
4.64 eV [34]. However, for UHV cleaved samples it was reported that different cleaves
gave different values of φ for same crystal plane and that the values also depended
upon the temperature at which the sample was cleaved. The work functions for the
faces studied followed the trend and the work function of the cleaved surface changed
irreversibly upon annealing [35].
Φ(000− 1) > Φ(10− 10) > Φ(0001)
An accurate work function measurement determined by low intensity x-ray pho-
toemission spectroscopy (LIXPS) for nano-crystalline ZnO surfaces was reported as
4.1 eV. In comparison with LIXPS measurement, the reduction of work function of
0.35 eV by UPS measurement due to arc effect also reported [36]. The variation of
work function based on surface processing (annealing, oxygen plasma, wet chemical
treatment) was also widely reported. The ability to alter the ZnO work function
was demonstrated by adding strong electron acceptor molecules 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane [(F4TCNQ) on ZnO surface which increased the
work function of the (000-1)O surface from 4.5 eV to 5.9 eV similarly for the (0001)Zn
surface from 3.7 eV to 6.5 eV [37].
1.1.2.4 Molecular adsorption on ZnO
As clean ZnO is a reactive surface, it readily reacts with water, carboxyl and other
organic molecules. There are many studies reported about the adsorption of H, H2O,
O2, CO, CO2 on the different crystallographic surfaces of ZnO [25]. In experimental
studies, TDS, TPD, XPS, EELS and IR-spectroscopy techniques have been employed
to identify and estimate amount of the adsorbates. The two major applications relat-
ing to this property of molecular adsorption on the ZnO surface are industrial catalysis
and gas sensors. In the industrial large scale synthesis of methanol, ZnO is used as
a component of the heterogeneous catalyst. In gas sensing, the surface conductivity
of ZnO is changed on adsorption of molecules on the surface. Thus, the change in
surface conductivity happens by either the transfer of electrons from adsorbate to
the ZnO surface or vice-versa. The variety of polar and non-polar surfaces available,
the presence of acidic Zn and basic O sites, the complex and imperfectly understood
defect chemistry and the possibility of electron and oxygen-atom transfer are all fac-
tors which impact on the adsorption process. The ambient exposure of any ZnO
crystallographic surface leads to adsorption of hydroxyls and water. Furthermore,
the interaction of ZnO with NH3 and organic chemicals such as benzene, pyridine,
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alkynes, alcohols, aldehydes, carbolic acids have also been studied [27,38,39].
1.1.3 Challenges in the realization of ZnO devices
In research and development processes, ZnO scientist have had made enormous progress
in the making electronics, photonics, acoustics, and sensing devices. But there remain
a number of important technical challenges which need to be addressed to realise the
fabrication of commercial devices [15]. Amongst these issues, there are two major
issues, the formation of stable p-type ZnO and reliable Schottky contacts to ZnO.
1.1.3.1 p-type ZnO
To fabricate short wavelength optoelectronic devices like light emitting diodes and
lasers diodes, p-type ZnO is need to form homostructure p-n junctions. ZnO is un-
intentionally a n-type semiconductor by its native point defects (donor type) and
hydrogen donors. The natural n-type carrier concentration of ZnO is 1014cm−3 but
for both n-type and p-type semiconductor the potential carrier concentration required
is typically of the order of 1017cm−3. The n-type carrier concentration can be enhanced
by doping with elements such as Al, Ga, In, on zinc sites and Cl and I on oxygen sites.
On the other hand, for p-type conductivity group I, IV, V elements Li, Na, K, Cu,
Ag on Zinc sites and N, P, Sb, As on oxygen sites were doped to make acceptors [2].
But native point defects and hydrogen responsible for n-type conductivity compen-
sate the acceptors making p-type ZnO a challenging task. Research on the limiting
factors to achieve p-type doping include (i) point defects (Vzn, Vo vacancies), self-
interstitials (Zni and Oi), anti-sites (Zno and Ozn), impurities were found to be the
cause self-compensation in p-type doping [4]. By doping of Li with ZnO turn as semi-
conducting material to semi-insulating material and Na, K doping with ZnO creates
defects, vacancies because of larger bind length. Nitrogen was found to be a genuine
candidate for doping ZnO in that it provides the shallowest acceptor impurities and
has an ionic radius similar to the oxygen atom [2]. The problem in N doping was the
low dopant solubility and precipitation formation. Yamamot et al, recommended a
co-doping method and also ion implantation of pure N [40]. P-type conductivity of
1018cm−3 by N doping was recently reported [41]. In device fabrication process the
stability of p-type ZnO was affected by heat treatments, injection of high currents,
applied electric fields, etc. Further complex decomposition and inversion of p-type
to n-type conductivity happened over time were also reported [2]. So still extensive
research and deep understanding of ZnO is still needed for making commercial grade
p-tye ZnO.
1.1.3.2 Schottky contacts on ZnO
Metal contacts are crucial for the fabrication of ZnO based transparent thin film
transistors, blue/ UV light-emitting diodes, high electron mobile transistors and spin-
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tronic devices. Schottky diodes prepared even with high work function metals (Pd,
Au) on ZnO exhibit lower Schottky barrier heights than expected [4]. Normally, the
problems associated with Schottky contacts are (1) chemical reactions between the
metal and semiconductor, (2) surface states, (3) contaminants, (4) defects in the sur-
face layer and (5) the diffusion of the metal into the semiconductor, etc [2]. For ZnO,
a wide variation of Schottky barrier heights as function of surface treatments (air
exposed, UHV cleaved) have been reported. Studies have shown that adsorbed gases
induced charge transfer and opposite behaviour on different polar surfaces (Zn and O
surface) for the same gas treatment have been reported. This strong dependence on
surface preparation indicates that extrinsic factors such as crystal quality and surface
treatment have a large effect on ZnO barrier heights [4]. The surface elemental com-
position and its bonding will also affect the interface property of metal/semiconductor
junctions. ZnO is naturally a reactive surface resulting in strong adsorption of am-
bient contaminants which have a large impact on metal/semiconductor behaviour.
Therefore, researchers have employed different surface cleaning methods before the
deposition of metal on ZnO surface. A significant rise in Schottky barrier heights as
function of surface cleaning methods was also reported [42]. Other problems such
as surface states, impurities and native point defects need to be addressed to make
reliable Schottky contacts [4].
1.2 Semiconductor Surface cleaning
The objective of semiconductor surface cleaning is the removal of particulate and
chemical impurities from the semiconductor surface without damaging or negatively
altering the properties of the substrate surface. In semiconductor nomenclature clean-
ing is the process that removes from the wafer surface particles, metallic contaminants,
organic contaminants, and native/chemical (spontaneously grown) oxide [43]. For in-
dustrial scale surface preparation, wet-chemical and gas-phase methods have been
developed to achieve these objectives. Nearly all semiconductor surface cleaning pro-
cesses were initially developed specifically for silicon for the fabrication of integrated
circuits (ICs). Later novel cleaning procedures were developed for germanium and
III-V compound semiconductor materials [44].
1.2.1 Significance of semiconductor surface cleaning
The importance of clean substrate surfaces in the fabrication of semiconductor mi-
croelectronic devices has been recognized since the development of solid state device
technology in the 1950s. It is now well known that the device performance, reliability,
and product yield of semiconductor devices are critically affected by the presence of
chemical contaminants and particulate impurities on the wafer or device surface. In
modern device processing the surface cleaning procedures are more important than
ever before because of the nanometre sizes of the device features [45]. Proper surface
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preparation is an absolutely critical first step in semiconductor device fabrication in
order to achieve optimum results. The consequences of improper surface cleaning
are numerous leading to less than optimized results through increased epitaxial de-
fect densities (dislocations and stacking faults), lower dielectric breakdown voltages,
higher densities of interface states, variations in threshold voltage, increased ohmic
contact resistance, and variations in Schottky barrier heights. All of these effects lead
to a significant reduction in the device performance. In turn, these observations, have
led to numerous studies of the surfaces of technologically important semiconductors
surfaces such as Si, Ge, GaAs, and InP. These studies have shown that the chemical,
electrical, and structural properties of a semiconductor surface can be significantly
influenced by surface cleaning processes [46].
1.2.2 Contaminants
The semiconductor surface contaminant originates in different ways such as air ex-
posure, processing gas molecules, handling chemicals, water etc. Furthermore the
contaminants can come from the laboratory equipment or industrial tools. The con-
taminants exist on the surface in different forms such as adsorbed ions, elements, thin
films, discrete particles, clusters and adsorbed gases. These contaminates are classified
based on detection methods as follows: metallic contaminants, particles, organic con-
taminants, surface defectively and atmospheric molecular contamination [45]. Metal-
lic contaminant originates from liquid chemicals, water and metal parts of processing
equipment. Organic contaminants are volatile in nature and come from clean room
air, ambient air and storage containers. Organic contamination will lead to gate oxide
break down and thermal oxide film thickness variation [47]. The detection techniques
for contaminants which is based on their size is shown in the figure 1.9.
1.2.3 Surface cleaning methods
The mechanisms of surface cleaning include chemical, physical force (mechanical or
thermal) and using electromagnetic radiation to remove the contamination from a
surface methods are shown in figure 1.10. The surface cleaning methods were clas-
sified based on these different mechanisms. Primarily surface cleaning methods were
branched into two type (1) wet cleaning methods and (2) dry cleaning methods. In
wet cleaning method the contaminant is converted into soluble compound and eas-
ily removed from the surface. Dry cleaning method involves the contaminant being
converted into volatile compound and removed [43].
The aqueous chemicals, organic solvents or mixtures of these were used in used in
wet-chemical process. The treatment of semiconductor surfaces with these chemicals
leads to the chemical reaction dissolution of contaminants which can then be removed.
Based on the semiconductor substrate and the various types of contamination several
different chemical and process / methods were used and a few important process are
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Figure 1.9: The meteorology of contaminations and detection techniques in semiconductor
surface cleaning [48].
Figure 1.10: The meteorology of contaminations and detection techniques in semiconductor
surface cleaning [48].
listed here: (1) hydrofluoric acid solutions (2) sulfuric acid/hydrogen peroxide mix-
tures (3) original RCA cleaning process (4) modifications of the (Radio corporation of
America) RCA cleaning process (5) ohmic clean (6) IMEC clean (7) Diluted dynamic
clean.
The traditional approach of wafer cleaning is based on wet-chemical processes,
which use mostly acid and hydrogen peroxide based solutions. Successful results have
been achieved by this approach for large scale manufacturing of semiconductor de-
vices for a number of decades. However, the relatively large consumption of chemicals
required by these processes, the disposal of chemical waste, and the incompatibility
with advanced concepts in integrated processing are the main reasons why methods
based on gas-phase cleaning have been and continue to be developed. So more re-
cently the dry cleaning methods were mostly encouraged in industrial environment
rather than wet chemical cleaning methods. The dry cleaning methods have used the
energy sources: heat, light, particle beam and combination of gas, chemical vapours
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etc. to clean the surfaces. The different types of dry cleaning methods used for
removal contamination are shown in figure 1.11. The other dry cleaning methods
used in the research laboratories for semiconductor surface cleaning are: (1) argon
ion sputtering (2) reactive ion bombardment (3) electron cyclotron resonance plasma
reactions, (4) pulsed laser radiation particle removal, (5) reduction annealing in H2,
(6) RF sputtering treatments [45].
Figure 1.11: 10 Dry cleaning methods employed for surface cleaning of various types of
contaminations [45].
1.3 Thesis Organisation
In chapter 2 there will be a detailed discussion of characterisation techniques used in
these studies. These techniques include conventional x-ray and synchrotron radiation
based photoemission spectroscopy and secondary mass ion spectrometry.
Chapter 3 will discuss the different ultra-high vacuum systems employed for the
study. Surface cleaning methods include organic solvent cleaning, atomic hydrogen
and oxygen cleaning and molecular oxygen thermal cleaning.
Chapter 4 presents the XPS characterisation of Zinc metal, ZnO single crystal po-
lar and non-polar surfaces, thin film and angle resolved XPS studies of ZnO nanorods.
The aim is to establish reference spectra and calculate stoichiometry with contami-
nation analysis for ZnO surface. Chapter 5 focuses on the UHV thermal cleaning of
ZnO(0001) surface and the cleaning of ZnO (0001) surface by atomic hydrogen with
in-situ XPS and SRPES characterisation. The successful removal of carbon by atomic
hydrogen without any change in ZnO stoichiometry is reported. The valence band
and work function measurements for (0001)-Zn terminated as a function of hydrogen
cleaning of surface are discussed.
Chapter 6 deals with the initial organic solvents (acetone, dimethyl sulfoxide
(DMSO), toluene) surface cleaning of ZnO polar and non-polar surfaces. Using con-
ventional XPS the effectiveness of each organic solvent is analysed. The effect of
ethanol surface cleaning on different ZnO (0001), (000-1), (10-10) and (11-20) sur-
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faces and sequent characterisation by synchrotron radiation based photoemission with
measurement of surface banding and work function are reported.
Chapter 7 details the results of high temperature molecular oxygen cleaning of
four ZnO surfaces and in-situ characterisation by synchrotron radiation based pho-
toemission spectroscopy. The efficacy of surface cleaning on valence band spectra and
the work function of ZnO (0001), (000-1), (10-10) and (11-20) surfaces are reported.
An explorative study of applying atomic oxygen for surface cleaning of ZnO at both
elevated temperatures and room temperatures are discussed.
In Appendix A the SIMS characterisation of e-beam grown ZnO thin films also
discussed.
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Chapter 2
Experimental Techniques
The principle surface characterisation technique employed in this thesis is photoe-
mission spectroscopy and the background and principle of the technique are outlined
in the following sections.
2.1 Photoemission Spectroscopy (PES)
Photoelectron spectroscopy, often referred to simply as photoemission, has its funda-
mental origin in the photoelectric effect [1]. Photoemission is the process of ejecting
an electron from atoms (solid material) by incident photons (light) on it. It is one of
the most extensively used method for surface chemical analysis and investigating the
electronic structure of solid surfaces.
2.1.1 History and development
In 1887, Heinrich Hertz observed the photoelectric effect which was partially explained
by Max Plank through his understanding of black body radiation. Max Planck re-
ceived the Nobel Prize in 1918 for his concept of quantification energy [2]. Later this
phenomenon was successfully explained by Albert Einstein which led to the award of
a Nobel Prize in 1921 [1]. This was key to the later development of the photoelectron
spectroscopy as a technique for studying the composition and electronic structure of
matter. In 1946-1950, Steinhardt and Serfass revived research into photoemission
spectroscopy research and they were instrumental in proposing X-ray Photoelectron
spectroscopy (XPS) as a viable surface analysis tool by demonstrating the quanti-
tative analysis of elements present in a material by comparing the intensities in the
photoemission spectrum [3]. Finally, X-ray Photoelectron spectroscopy (XPS) tech-
nique was fully developed by Prof. Kai Siegbahn in Uppsala University, Sweden who
recorded the first high resolution (1 eV) spectra for NaCl in 1954 and his compre-
hensive study on XPS was published in 1957 [4]. Siegbahn received the Nobel Prize
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in 1981 to acknowledge his extensive efforts to develop XPS into a useful analytical
tool [5]. In 1969 Hewlett-Packard in USA produced the first commercial XPS instru-
ment which was marketed as a surface analysis technique that measured the chemical
composition and provides information on the chemical state of elements that exist
within the material.
2.1.2 Principle and Working
In photoemisson, the kinetic energies of photoemitted electrons are measured by an
experimental set-up similar to that schematically shown in figure 2.1
Figure 2.1: Photon (hν) excite electrons (e−) which are emitted from the sample and the
kinetic energies of these electrons are measured by an electron energy analyser [6].
From the Einstein equation for photoelectric effect with Planks constant (h) [7]
EB = hν − ETkin (2.1)
The above equation implies that the binding energy (EB) of the photoexcited
electron is equal to the energy of incident photons(hν) minus the kinetic energy(ETkin)
of the emitted electron. The incident photon energy(hν) is fixed and the kinetic energy
(ETkin) of the emitted electron is measured by an electron energy analyser. From the
periodic table / XPS Hand Book, we know the electronic configuration of each element
is unique. So, the emitted electrons from every element will have particular binding
energies. This unique binding energy is utilized for the identification of elements, in
photoemission spectroscopy.
To understand the full photoemission process and accurate measurement of binding
energy of emitted photo-electron, the schematic energy level diagram (figure 2.2)
below is used.
The binding energy in photoemission is referenced with respect to the Fermi level.
The work function is defined as the energy difference between the Fermi level and
the vacuum level(EV ac − EF ) Now the equation 2.1 modified as (where ETkin is the
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Figure 2.2: An energy level diagram for a sample and spectrometer in electrical contact
during an XPS experiment [9].
kinetic energy after emission of photoelectrons which is not equal to photon energy
of incidencing X-rays).
EFB = hν − (ΦSample + E1kin) (2.2)
In figure 2.2, the Fermi level for the sample and the spectrometer are aligned as
both are in electrical contact [10]. So when the photo-electron entre the spectrom-
eter they will experience a potential difference equal to the work function difference
between spectrometer and the sample (ΦSpec − ΦSample)
E1Kin = Ekin + (ΦSpec − ΦSample) (2.3)
Substituting equation 2.3 in equation 2.2
EFB(k) = hν − ΦSample + Ekin + (ΦSpec − ΦSample) (2.4)
EFB(k) = hν − Ekin − ΦSpec (2.5)
Using the above equation, the binding energy is obtained by knowing the incident
photon energy (hν), the kinetic energy (Ekin) of the emerging photoelectrons and
the work function (ΦSpec) of the spectrometer is measured by scanning gold sample
in Photoemission spectroscopy. The gold and copper were used as reference sample
to calibrate the spectrometer. By using the known binding energy of the gold (Au
4f = 83.98 eV), with measured spectra being shifted to compensate this value. The
spectrometer work function is measured.
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2.1.3 X-ray Photoelectron spectroscopy (XPS)
XPS can provide elemental information from the surface of a sample. It can detect
all elements expect H and He. The atomic concentration it is able to detect is ap-
proximately >0.1 atomic%. The X-ray penetration depth will be in the order of few
micrometres and the photoelectron emission will be from less than 10 nm into the
surface. The detailed view of recording XPS spectra from a sample is shown in fig-
ure 2.3. A beam of X-ray is incidence on sample of 10 nm thickness and only form top
20 atomic layers of the sample the electrons revolving around the nucleus got excited
(see figure 2.3). Those excited photoelectrons from particular atomic orbital (like 1s,
2s, 2p) forms a corresponding 1 s, 2 s, 2p core level XPS peaks and photoelectrons
with minimum energy forms the background of XPS spectra.
Figure 2.3: Detailed views of generating and recording the XPS spectra from the sample
surface [11].
The primary instrumental set up for XPS system is (1) X-ray source (2) electron
lens (3) electron energy analyser (4) detection system (5) vacuum system (6) external
computer to plot the data as graph. The schematic diagram of a twin anode X-ray
source is illustrated in figure 2.4. The X-ray peak energy for aluminium target is
1486.7 eV with a line width of 0.85 eV and for magnesium target is 1253.6 eV with
a line width of 0.7 eV [12]. By using the different anode materials, it is possible to
produce high energy or hard X-rays above 2000 eV as tabulated in table 2.1.
The X-ray photo-emitted electrons from the sample surface are collected and fo-
cused by an electrostatic lens (see figure 2.5). The acceptance angle of the lens depends
on the analyser design and while increasing this angle would increase the overall elec-
tron yield it would result in a trade-off between the total sampling areas with an
increased angle taking electrons from a wider surface area [14]. The photoelectrons
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Figure 2.4: Twin anode conventional X-ray source [13].
Table 2.1: 2 Different anode metals with their respective X-ray peak energy and line
width [7].
Anode Radiation Photon Energy (eV) Line Width (eV)
Mg Kα 1253.6 0.7
Al Kα 1486.6 0.85
Si Kα 1739.5 1
Zr Lα 2042.4 1.6
Ag Lα 2984 2.6
Ti Kα 4510 2
Cr Kα 5415 2.1
passing through the lens system enter the electron energy analyser where they can be
separated based on their kinetic energy. An hemispherical electron energy analyser
is the most common analyser used in XPS. Hemispherical analyser consists of two
concentric segments of spheres of radii R1and R2. The mean radius between these
plates will be R0, as illustrated in figure 2.5.
The electrons going from the lens to the analyser will have the energy of E0 = eV0,
(where V0 is the retardation voltage applied to the grid). The voltage on the two
hemispheres is adjusted in such a way that it matches the pass energy. This will allow
the electrons to travel in trajectory of radii R0 as shown in figure 2.5. This adjustment
of voltage to hemisphere plates is attained by applying the negative voltage V2 to the
outer hemisphere, which repels the electrons and a positive voltage V1 to the inner
hemisphere, which will attract the electrons. The relationship between the applied
voltages V1 and V2 to radius of hemispheres is express as:
V1 = V0
(
3− 2R0
R1
)
(2.6)
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Figure 2.5: Schematic diagram of the electrostatic lens and hemispherical electron energy
analyser [15].
V2 = V0
(
3− 2R0
R2
)
(2.7)
Then the voltage between the hemispherical plate is
V2 − V1 = V0
(
R2
R1
− R1
R2
)
(2.8)
The final vales for V1 = 0.5(V0) and V2 = (−1.33)V0
Electrons with large energy variation from will be lost to collision with the hemispheres
before they are able to transverse the full distance to detector [15].
The channeltron multiplier is used in spectrometer to amplify the incoming pho-
toelectrons obtain good XPS spectra and it is placed inside the XPS Analyser. The
channeltron multiplier is made of semiconducting glass tube with wide funnel shaped
entrance to accepted the electrons from the analyser. To amplify the number of
electrons inside the channeltron, a potential difference of 2 - 4 kV is applied to the
channeltron. This will create an electron cascade effect and incoming electrons are
multiplied as shown in fig 2.7. The output of the multiplier is then measured as a
pulse, providing an electron gain of 106 - 108 and potential count rates of greater than
106 counts per second (c.p.s.). The output from the pulse counter is then fed into
analysis software that is able to plot the (c.p.s) as function of the electron binding
energy [15].
24
2.1. Photoemission Spectroscopy (PES)
Figure 2.6: Single channeltron detector and channel plate consisting of a series of electron
multipliers oriented in parallel [16].
2.1.4 Different types of photoemission spectroscopy
Kai Siegbahn and co-workers developed a successful X-ray photoelectron spectrom-
eter in 1950. XPS has emerged as powerful tool to study the chemical composi-
tion and electronic structure of matter. To further explore the matter in detail the
scientists were in continuous development of the new methods, sophisticated instru-
mentation such as high resolution spectrometer, spin-resolved spectrometer, electron
microscopes. The principle behind different types of photoemission spectroscopy were
reviewed in detail by C. S. Fadley et al [17–20].
Different versions of photoelectron spectroscopy were developed by tuning the
photon energy of the photoemission source as following: (1) UV (UPS) and Laser
(LPES) are used to record valance band and molecular spectra (2) X-ray photoemis-
sion (XPS) is used for study of core levels (3) Synchrotron radiation photoemission
spectroscopy (SRPES) is emerged as a prominent techniques to study the electronic
structure of the surface and interfaces. An additional synchrotron radiation variation
is hard X-ray photoemission (HAXPES) where high energy X-rays (above 2kV) are
used to generate photo-emitted electrons which have significantly higher sampling
depths than conventional XPS. Then by replacing a conventional analyser by a spin
resolved electron analyser has been used to characterise magnetic materials in spin
resolved photoemission spectroscopy (SRPES). By replacing the vacuum environment
for the sample able to record photoemission spectra from samples in ambient condition
is technique called Ambient pressure XPS (APPES).
In figure 2.7 the different types photoemission spectroscopy based techniques are
illustrated. These different techniques are classified into four groups based on the in-
strumental modification (source, analyser) as well as method of doing the experiment
(time, sample, vacuum and other ways). The details of instrumental modification and
their specific application in characterisation of material are tabulated in table 2.2.
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Figure 2.7: Branch of photoemission spectroscopy as different types of materials character-
isation techniques.
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2.1.5 XPS in semiconductor industry
Traditionally, XPS has been used as a surface characterisation tool in chemical, chem-
ical engineering and the metallurgical industries. Due to growing demand for pow-
erful, portable chips for future computing, smartphones and other electronic devices
the semiconductor industries has kept reducing the size of transistors and other semi-
conductor devices to few (90, 65, 45, 32, 16) nanometers. Another approach adopted
by the semiconductor industries is moving towards new materials for semiconduc-
tor device fabrication. This all leads to new demands of the metrological tools in
chip production line [22]. In general, metrological tools in production line will use
reflectometers to measure gate oxide (SiO2) thickness. In this case, in addition to
the thickness measurement, now chemical composition mapping was also needed as
the distribution of N in SiO2 is crucial in maintaining the dielectric constant of the
gate oxide [23]. A new gate material HfO2 on silicon wafers is now used in micro-
processor fabrication and this also need a metrological tool for the confirmation of
proper chemical composition of the oxide layer along with thickness [24]. Similarly
changing the Al interconnect to Cu metal in semiconductor devices has happened.
The problem here is that Cu has the property of both quick oxidation and diffusion
into active device region, which requires introduction an additional barrier layer such
as Co between the copper and dielectric. Here also metrological tool is needed to
monitor the thickness as well as chemical composition of the substrate Cu intercon-
nects layers [25]. Hence modern XPS with lateral resolution of 10 µm emerged as
promising meteorological tool to measure the thickness of these ultra-thin film (gate
oxides, interconnects) and map the chemical composition to the scale of large area
(200 mm 300 mm) wafers [26]. Further modern XPS has been automated to load
of wafers, acquiring data in different locations, spectral area analysis and creating
elemental composition percentage table, etc so as to match with fast moving produc-
tion lines [25]. The thickness of ultra-thin oxide films were measured by comparing
the peak ratios of oxide to substrate. Parallel angle resolved XPS (ARXPS) were
also used for non-destructive depth profiling of ultra-thin films on large wafers (<10
nm) [25, 27]. This non-destructive depth profiling was done by Relative depth pro-
file (RPD) method, a simplistic approach intended to indicate which elements (or
chemical states, if identified) in an acquired XPS spectrum are, on average, nearer
the surface and which further away [25]. A typical industrial XPS system used for
in-line metrology for large scale wafers is shown in fig. 2.10 [26]. An example of how
the in-line XPS maps the composition of silicon wafer with ultra-thin layers of silicon
oxide, aluminium oxide and on top HfO2 deposited by ALD is shown in figure [24].
2.2 Analysis of XPS spectra
The analysis and understanding of XPS spectra needs a special appreciation of spec-
tral features. Basic chemical compositional analysis, with depth profiling of sample,
32
2.2. Analysis of XPS spectra
Figure 2.8: VeraFlex III XF Industrial XPS as metrological tool to characterise the large
scale wafers [26].
Figure 2.9: Schematic diagram at left shows a stack with film thicknesses and compositional
uniformities illustrated in the wafer maps at the left: (a) HfO2 thickness (3.93%), (b) Al2O3
thickness (6.13%),(c) SiO2 thickness (1.68%), (d) hafnium uniformity (0.75%), Aluminium
uniformity (6.07%), and (f) oxygen uniformity (2.28%) [24]
thickness calculations and important fundamental parameters helpful in understand-
ing XPS spectra are discussed in this section.
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2.2.1 Element Identification
From the initial scans, the XPS survey spectra were used to identify the elements
present on the surface at atomic percentage leve1 (0.1 1%) based on detection limit.
Generally, these elements were found by appearance of the strong peaks in the survey
spectra, for example: in Figure 2.10 we can see the survey spectra of ZnO nanorods
grown using a gold catalyst. All the peaks indicative of zinc, oxygen and carbon
were found. These positions of the peaks (binding energy) is not always unique for
particular element, other elements can also have similar positions and thus overlap
with each other. Such a case was also seen in Figure 2.10 where the gold peak Au 4f
typically overlapped with a zinc peak Zn 3p. Like this cases, other core level peaks
(such as Zn 3d, Zn 2p) were used to confirm the presence of the element in the sample.
Figure 2.10: XPS Survey scans obtained for ZnO nanords grown using gold catalyst. The
elements Zn, O, C, and Au were identified by their photoemission peaks binding energy
position.
2.2.2 Chemical Shifts
In parallel to identifying the elements present on the surface, one of the most im-
portant aspects of XPS is the ability to distinguish between different chemical en-
vironments of the same element. This is possible because the binding energy of an
electron within an atom depends on the bonding environment of that atom. There-
fore, changes in chemical bonding can result in changes in the charge density around
the atoms, which causes a chemical shift in the binding energy of the electrons which
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emerge from these atoms [28]. This process is described in greater detail with refer-
ence to the zinc oxide/zinc hydroxide system, using the Zn 2p spectrum in figure 2.11
which shows a Zn 2p spectrum taken from a hydrogen cleaned ZnO (0001) surface. It
can be seen that electrons excited from the Zn substrate appear at a binding energy
of 1022 eV, while those from the Zn(OH)2 layer appear at a higher binding energy
position, chemically shifted by ≈1.0 eV. This is due to the different bonding envi-
ronment present within the two chemical species on the surface. Zn atoms at the
surface bonded to OH are in a different chemical environment that those bonded to
oxygen in ZnO. This difference is reflected in the different binding energies of the Zn
2p photoemitted electrons as Zn(OH)2 is more ionic than ZnO. Therefore the kinetic
energy of electrons emitted from ZnO is higher than those emitted from Zn atoms
in the Zn(OH)2 bonding environment. This means that the relative electronegativity
values of the elements within a sample can be used to identify chemical environments
in which they exist.
Figure 2.11: Zn 2p 3/2 core level peak having two component peaks for ZnO and Zn(OH)2
separated by 1.0 eV chemical shift.
2.2.3 Quantification
Quantification of the chemical composition of a surface can be easily achieved by the
comparison of the relative intensity of the core levels belongs to different elements
present on the same surface. For accurate prediction of chemical composition of
surface several other factors have to be taken into account in addition to XPS peak
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intensities. The way of doing quantification analysis was explained further in detail
from the figure 2.12 with reference to the Zn 2p and O 1s core level spectra obtained
for ZnO thin films grown on Si(111) wafer.
Figure 2.12: Zn 2p 3/2 and O 1s core level peak for ZnO thin films grown on Si(111) surface.
Before determining the Zn and O stoichiometry for ZnO thin films (from fig-
ure 2.12). First we need to assume the ZnO thin films is homogenous, if the thin
film surface is non-uniform perpendicular to the XPS sampling depth, it is difficult to
determine the exact elemental ratios. The main three factors that have to taken into
account were inelastic mean free path (IMFP), photoionization cross section and the
transmission function of analyser. The (IMFP) is dependent on the kinetic energy of
the peak which is obtained from binding energy of the peaks as follows. For Zn 2p
peak binding energy is 1022 eV, then its Kinetic energy is, K.E. = 1486 - 1022 = 464
eV and similarly for O 1s B.E. is 531 eV, then K.E. = 1486 531 = 955 eV, where
1486 eV is the photo-excitation energy. From the K.E. values obtained, the O 1s
peak will represent electrons further deep into the sample than the Zn 2p peak. The
photoionization cross section is the probability that an electron will be photoexcited.
The transmission function of the analyser determines the sensitivity of the analyser
to electrons of that particular kinetic energy [28, 29]. The relative sensitive factor
(RSF) for the particular core level of a element was obtained based on three factors
explained above. By using these RSF values the chemical composition was calculated.
The RSF values for all elements were tabulated in the XPS Hand Book [30]. For the
spectra shown in figure 2.12, the RSF values were 3.726 and 0.711 for Zn 2p and O
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1s respectively. The stoichiometry of ZnO thin film is achieved by taking the ratio of
peak intensity to the RSF value and then adding all ratios, equating to 100%. Form
this we can get exact atomic% (up to 1% acuracy) of oxygen and zinc as shown in
table 2.2.
Table 2.2: Quantification of chemical composition of Zn and O in ZnO thin films using RSF.
Element Peak Intensity RSF Ratio Stoichiometry in atomic %
Zinc Zn 2p 418651 3.726 112359 54%
Oxygen O 1s 67802 0.711 95361 46%
Total 207720 100%
2.2.4 Peak fitting
From the XPS core level spectra of an element the binding energy position, peak width
and intensity were easily obtained. This information only gives the single chemical
state of that element in given sample. But it is very common; the element can exist in
more than one chemical state within the same sample. In XPS core level spectra the
binding energy position of two different chemical states of an element does not vary
by more than 5 eV. Hence their will overlapping two peaks meant for two different
chemical states of an element can be possible. Then final core level spectra obtained
will be combination of all those chemical state peaks.
To distinguish those overlapped peaks and to obtain information of individual
peaks meant for each chemical state of elements, cure-fitting/ peak-fitting of raw core
level spectra was usual. The special software Aanalyser [31] was used to perform peak-
fitting in this thesis work. Initially the known core-level parameters of a selected peak
were applied and adjusted as required to get realistic peak fit. All parameters were
independent of chemical state and can be a varied as well as fixed as needed. The no.
of peaks to fit was chosen from possible chemical state can be present in the sample.
The full width half maximum (FWHM) is key parameter in peak fitting is made up
of two coordinates. Firstly, the Lorentzian line width is intrinsic to the particular
core-level and is independent of chemical state. Secondly, the Gaussian line width is
dependent on the instrumental peak broadening and as well as the form the sample
(like crystalline or amorphous) [10]. The peak fitting details of core level peaks of Zn,
O and C for ZnO are explained in chapter 4.
2.2.5 XPS Parameters
The XPS data analysis depends on the sensitivity, spatial resolution, data-acquisition
time and morphology of the sample. The chemical compositions also vary based on the
depth of measurement and position of the sample. In order to use the XPS effectively
and efficiently for qualitative analysis, such as measurement of over layer / ultra-thin
film thickness and estimation sampling depth, etc, It is necessary to obtain the four
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key parameters: IMFP, EAL, MED and ID as discussed below [32]. In addition to
this photoionization cross section and Auger parameter are briefly explained.
2.2.5.1 Inelastic mean free path (IMFP) and Sampling depth
In the photoemission process, if X-rays of energy 1 kV irradiated on the sample. The
depth that X-rays will penetrate into sample is 1m and the photoelectron depth from
which the electron can be emitted from the sample is about 10 nm. Then the emitted
electrons will lose the kinetic energy by inelastic collisions before reaching the top
surface or comeing out of the sample. The probability of these electron interactions
can be predicted based on the inelastic mean free path (IMFP) of given material, which
depends on the kinetic energy of the emitted electrons and kind of material [16]. This
is commonly represented as the universal mean free curve in figure 2.13
Figure 2.13: Universal mean free path (MFP) curve, showing a range of materials [33].
The inelastic elastic mean free path is defined as the average distance that an
electron with a given energy travels between inelastic collisions [32]. Mathematically
expressed as
P (d) = exp
(
−d
λ
)
(2.9)
Where P (d) is the probability of an electron travelling a distance d, through a solid
without undergoing scattering; and λ is the IMFP for the electrons of a given energy.
The probability of electron decay with respect to depth of the sample is illustrated in
figure 2.14
From the figure 2.14 it seems the great amount of unscattered electrons are from a
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Figure 2.14: Graph for the probability of scattered electron emission as a function of
depth [34]
depth of 3λ. This is described as the sampling depth. So roughly the sampling depth
is three times of the inelastic mean free path (d = 3λ). The sampling depth for ZnO
compound core levels including carbon is calculated by using the NIST Electron EAL
Database [35] and shown in figure 2.15 for the two X-ray excitation lines used in this
study, Al Kα (1486 eV) and Mg Kα (1253 eV).
2.2.5.2 Effective Attenuation Length (EAL)
This is the parameter which, when introduced in place of the IMFP into an expression
derived for XPS on the assumption of that elastic scattering effects were negligible
for a given quantitative application, will correct the expression for elastic scattering
effects [36]. The EAL is generally intended as a measure of opacity of a given solid
for single electrons of interest. Values were obtained from measurements of XPS
spectra intensities as a thin film of increasing thickness was deposited on a substrate.
The EAL expressions for the determination of thickness of over layer films on planar
substrate. If we neglect the elastic scattering of the signal electrons for the moment,
the intensity of XPS photoelectrons emitted form a substrate IS, covered by a uniform
overlayer film of thickness t would be given by
t = −λ cos θ ln
(
IS
I0S
)
(2.10)
Where I0S is the signal intensity from bare substrate (t = 0) and λin is the IMFP
for the substrate-signal electrons in the overlayer material. A thickness t could then
simply calculated from measurement of I0S and and data for λin [32].
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Figure 2.15: XPS effective sampling depth for ZnO compound for AlKα (1486.7 eV) and
Mg Kα (1253.76 eV) X-rays.
2.2.5.3 Mean escape depth (MED)
It is defined as the average depth normal to the surface from which electron escape
from the sample. It is express as
MED =
∫∞
0
ZΨ(Z,Θ)dz∫∞
0
Ψ(Z,Θ)dz
(2.11)
Where Ψ(Z,Θ) is the emission depth distribution function for depth (Z), from the
surface to material and for angle of emission,Θ, with respect to surface normal. (Z -
Sample depth, Ψ - angle of X-ray incidence, Θ - angle of electron emission) [21].
2.2.5.4 Information depth (ID)
The information depth is defined as the maximum depth, normal to surface, from
which useful information of sample is obtained [32]. It also depends on the nature
of the sample and can be identified by the sample thickness from which the specified
percentage of (eg. 95% or 99%) from which the detected signal originates. Based on
the figure 2.13 the information depth will be about 3 - 5 times of inelastic mean free
path (3λ to 5λ) [21].
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2.2.5.5 Photoionization cross section
The photoionization cross section is the probability that an electron will be photo
excited by a photo-excitation energy for a particular core-level. The photoionization
cross section depends on both the photo-excitation energy as well as the core-shell
of the atom (nature of material). In synchrotron photoemission spectroscopy there
is a possibility of tuning the photoemission energy as required for a core-level of the
particular elements. Hence the photoionization cross section values were helpful to
find the right photoemission energy for different core-levels to get maximum intensity
of spectra. For ZnO compound the core levels of Zn, O, C, the highest photoionization
cross-section and respective photoemission energy is tabulated in table 2.3. The values
were obtained from online database of Sincrotrone Trieste ScpA [37]
Table 2.3: The range of photoemission energies for getting maximum photoionzation cross
section (high intense photoemission spectra) for core levels of elements Zn, O and C.
Core level Photoexcitation energy range Photoionization cross section
Zn 2p 1055 - 1065 0.92 - 0.91
Zn 2s 1160 - 1165 0.12 - 0.11
Zn 3d 60 - 70 9.35 - 9.32
Zn 3p 200 - 210 0.77 - 0.77
Zn 3s 135 - 145 0.31 - 0.29
Zn 4s 10.2 0.66
O 1s 540 - 550 0.51 - 0.47
O 2p 16.7 - 25 10.77 - 10.12
O 2s 45 - 55 0.86 - 0.87
C 1s 295 - 305 0.91 - 0.82
2.2.6 Auger Parameter
In XPS spectra the two types of peaks were obtained one photoemission peak due to
core - level photoionization and other the Auger electron emission peaks induced by
X-rays. By referencing the binding energy position of the photoemission peaks the
respective elements were identified. But these Auger lines can be also used to find the
chemical state of the compound using the Auger parameter. These Auger lines were
easily distinguished from photoemission line by changing the photoemission excitation
energy (change of X-ray source Mg Kα to Al Kα). After changing the photoemission
energy the Auger lines will stay at same position while photoemission lines will move
due to their kinetic energy change. By the combination of both photoemission line
and Auger emission line Wanger et al [38] coined the Auger parameter to precisely
predict the chemical state of a compound. The Auger parameter is simply defined as
the difference in binding energy between two chemical states. The Auger parameter
(α) is the sum of the binding energies of the photoemission peak (E(K)BE) and the
kinetic energy of the Auger emission peak (E(KLL)KE) of particular compound. (α
= E(KLL)KE + E(K)BE). The Auger parameters for all elements and their chemical
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compounds were tabulated and graphically present in the Appendix - A of the XPS
Hand Book [30]. Detailed investigations of Auger parameters for zinc oxide based
compounds were reported by L. S. Dake et al [39].
2.2.7 Depth Profiling and Angled resolved XPS (ARXPS)
Surface sensitive techniques like XPS can still be used to find the chemical composition
of thicker films by depth profiling from the surface. This can be achieved, when
the surface of the material is removed by etching or ion-bombarding, this makes it
possible to examine the underlying layer. If the amount of material being removed can
be controlled then it is possible to determine an accurate chemical composition (%)
versus depth (m) profile [10]. Normally for in-situ XPS depth profiling of materials,
Argon ions were used for bombardment of the the sample in a controlled way. By
knowing the argon ion sputtering rate and measuring the sample current due to the
incidence of the charged ions, it was possible to calculate the rate of removal of
material with respect to the sputtering time, but it will vary differently for different
material. Then by recording XPS spectra in successive intervals of sputtering time it
is possible to give a chemical depth profile of the material.
Another way of doing depth profiling of ultra-thin films is non-destructive angled
resolved XPS (ARXPS). This method is also used to estimate the thickness of ultra-
thin films. In the photoemission spectroscopy the analyser is kept perpendicular to
sample surface in order to capture the photoelectrons coming from maximum sam-
pling depth. As per IMFP, the emitted electrons will escape in the shortest path
which is perpendicular to the surface. But to analyse top surface, the sample can be
rotated relative to the analyser position in order to detect the electrons emitted at a
swallow angle from the top surface. Such a photoemission measurement is illustrated
in figure 2.16(a) and the comparative photoelectron spectra in reference to that also
shown in figure 2.16(b). From the figure 2.13(a) we can see the electrons emitter form
perpendicular to the surface have same sampling depth at angled (Θ = 70◦) emission.
But the perpendicular depth d2 will be less than d1(see figure 2.16). Hence the spectra
acquired at angle (Θ = 70◦) is more surface sensitive than normal (Θ = 0◦). As an
evidence for that in figure 2.16(b) the O 1s core level spectra the (ZnO) bulk peak is
equal to normal (Θ = 0◦) and Angled (Θ = 70◦) emissions. Further the (OH) surface
peak have high intensity for the angle resolved XPS (Θ = 70◦) measurement.
2.2.8 Thickness calculations
XPS can be used to approximately measure the thickness of ultra-thin films or con-
tamination layers on the substrate by comparing the intensity of core level peaks taken
from the substrate and over layers respectively. XPS thickness calculations used in
this study can be divided into two categories. The overlayer thickness can be esti-
mated based on the suppression of the substrate peak by the presence of an overlayer.
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Figure 2.16: (a) The variation of sampling depth with respect to the angle (Θ = 70◦) and
(b) O 1s spectra taken for OH on ZnO at both normal and angle resolved photoemission.
Alternatively, when the same element is present in distinguishably different chemical
environments in the over layers and substrate, the over layer thickness calculations
were simplified. In this Thesis, the calculation of thickness was done by the first way,
different material overlayer on substrate [28].
For a sample of material A which forms a thin uniform layer of thickness d on a
substrate of material S, the following equation can be written for the relative intensity
of the substrate IS and overlayer IA XPS signals (assuming exponential attenuation
of the overlayer) [16].
IS
Ia
=
I∞A
{
1− exp
[
−d
λA,A cos θ
]}
I∞S
{
1− exp
[
−d
λS,A cos θ
]} (2.12)
The angle Θ in this equation is the emission angle of the excited electrons and is
measured with respect to the surface normal. Factors I∞A and I
∞
S are peak intensities
taken from samples of materials A and B of effectively infinite thickness. The parame-
ters λA,A and λS,A are the effective attenuation lengths of electrons emerging from the
overlayer and the substrate respectively [40]. The effective attenuation length (EAL)
is known to differ from the inelastic mean free path (IMFP) due to elastic-scattering
which causes the photoelectrons signal to decay in a non-exponential manner [41] .
This variation from the IMFP value is dependent on the composition of the sample
but, in general, changes in physical properties such as an increased density will re-
sult in a reduction of the EAL. Thickness calculations based on this method can be
achieved using software such as NIST Electron EAL Database [35,42].
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2.3 Synchrotron radiation photoemission spectroscopy (SR-
PES)
Synchrotron radiation photoemission spectroscopy is similar to X-ray photoelectron
spectroscopy. The only change is that difference is the photoemission source is syn-
chrotron radiation which can enhances the resolution and surface sensitivity possibly.
The important feature of SRPES is the ability to tune the photoemission energy from
a few electron volts to thousands of electron volts (22 eV - 2000 eV), which makes
it possible to probe the material exclusively and exactly look into one or two atomic
layers to several nano metres (1 - 10 nm). In this section the introduction, operation
of synchrotron radiation source and determination of surface electronic properties by
SRPES were discussed.
2.3.1 Synchrotron Radiation - A Light source
When electrons or other charged particles moving at relativistic speeds (speed of
light, c) are forced by magnetic fields (perpendicular to the direction of motion) to
follow curved trajectories they emit electromagnetic radiation in the direction of their
motion, known as synchrotron radiation. This synchrotron radiation were extremely
intense and extends over a wide range from infrared, through the visible the infrared
through the visible and ultraviolet, into the soft and hard X-ray regions of the elec-
tromagnetic spectrum [43]. The special characteristics of the synchrotron light source
are listed below [14]:
• High brightness and high intensity, many orders of magnitude more than with
X-rays produced in conventional X-ray tubes
• High brilliance, exceeding other natural and artificial light sources by many or-
ders of magnitude: 3rd generation sources typically have a brilliance larger than
1018 photonss−1mm−2mrad−20.1%BW, where 0.1%BW denotes a bandwidth
10−3 centred around the frequency ν.
• High collimation, i.e. small angular divergence of the beam
• Low emittance, i.e. the product of source cross section and solid angle of emission
is small
• Widely tunable in energy/wavelength by monochromatization (sub eV up to the
MeV range)
• High level of polarization (linear or elliptical)
• Pulsed light emission (pulse durations at or below one nanosecond) Powerful
synchrotron radiation techniques with these peculiar characteristics were used
to investigate the properties of matter by range of spectroscopic, microscopic
and diffraction techniques.
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A synchrotron light source consists of the following components: electron gun, lin-
ear accelerator, booster, storage ring with array of magnets as illustrated in figure 2.17.
The electron emitted from the electron gun were fed into the linear accelerator (linac)
where the high energy microwaves and radio waves split the stream into pulses and
accelerate the beam to 99% the speed of light [16]. The electrons are then passed into
the booster ring, here the electrons will travel in the closed loop as forced by the mag-
netic field and further the radio waves will increase the speed of electrons close to the
speed of light. Now the energy of the electron stream is between 1.5 - 2.9 GeV which
is sufficient to produce synchrotron light (electromagnetic wave range of infra-red to
hard X-rays). Then, the electron streams are fed into the storage ring which is made
up of series of straight tube sections connected in the shape of polygon arrangement.
These straight sections have the focusing magnets which keep the electron beam small
and more intense, well defined with the brighter radiation.
Figure 2.17: (a) Schematic diagram of Synchrotron radiation light source [16].
If undulators are placed in the straight sections they cause the electrons to oscillate
and radiate energy before reaching the corner sections of the storage ring [44]. These
undulators will generate the highly intense and coherent beam of light. Finally, bend-
ing magnets deviate the electrons by several degrees and allow the beam to negotiate
the curved corners of the ring. The change in electron momentum which occurs at the
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curved corners of the ring results in the tangential emission of a broad spectral range
of synchrotron radiation by the electrons [16]. This synchrotron radiation is split
into several beam lines for different types of material characterisation techniques. For
photoemission spectroscopy technique the monochromators were employed to allow
selected photoemission energy to get maximum surface sensitivity and specific photon
energy were chosen particular core level based on the XPS parameters.
All synchrotron photoemission experiments for this thesis work were done at the
Aarhuas Stroage Ring in Denmark (ASTRID), University of Aarhus. The schematic
diagram of ASTRID is shown in figure 2.18 and beam line SX700 was used for all
studies. The photon energies were varied between 20 eV to 600 eV to obtain the high
surface sensitive spectra for different core levels, valence band and work function of
zinc oxide samples.
Figure 2.18: Schematic of the ASTRID synchrotron source at the University of Aarhus,
Denmark [45].
2.3.2 Determination of energy level band alignment in semiconductor sur-
face
Energy band alignment is the important electronic property of a semiconductor sur-
face, by which only it is able to tell the nature of surface (n-type or p-type) of the
semiconductor hetero-structure. For example after depositing a metal contact on a
semiconductor surface, by energy band alignment it is possible to find the contact is
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either Ohmic or Schottky. The energy band alignment at the interfaces of semicon-
ductors is of direct relevance for the electrical function of electronic devices made with
such materials [46]. The key parameters which constitute the energy band alignment
are the energy band gap of the material (Eg), Fermi level position (EF ), valence band
maximum (EV BM), work function (Φ), electron affinity (χ), vacuum level position
(EV ac), etc. Based on the above parameters (obtained by experiment) the energy
level band diagram is drawn as shown in figure2.19. The photoemission technique is
a straight forward method to measure the Fermi level position, work function and to
calculate the other parameters. The UPS and SRPES techniques were used to obtain
the energy band alignment of semiconductor surface or interfaces. Since these tech-
niques were more surface sensitive than conventional XPS. Even in UPS the photon
energy is fixed (21.2 eV) where as in SRPES the photon energy is tuneable (20 eV
2000 eV) as required for the material and the spectra obtained was in high resolution.
The procedure to determine energy band alignment using photoelectron spectroscopy
(PES) has been outlined by Waldrop et al [47].
Figure 2.19: Energy level band diagram of a semiconductor surface.
The energy band gap (Eg) and Fermi level position of the bulk semiconductor
was determined by the Hall effect measurements [48]. For the surface of the semicon-
ductor the valence band maximum (EV BM) and work function (Φ) were found from
photoemission valence band spectra (see figure 2.20).
The binding energy of the photoemission peaks were found with respect to the
Fermi level position of the spectrometer. By setting the spectrometer Fermi level po-
sition at zero, the lower binding energy offset in valence band spectra is called valence
band maximum (EV BM). It corresponds to the difference between the conduction
band to the surface Fermi level position (EV B - EF ). The distance from the lower
binding energy cut-off to the higher binding cut off is called valence band width (W).
The work function value is obtained from the difference of photon energy (hν) to
valence band width (W). Then simple mathematics the electron affinity and surface
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Figure 2.20: Valence band spectra of ZnO surface. [49].
band bending were calculated.
Calculation of parameters for energy level band alignment from photoemission va-
lence band spectra (where LBE is lower binding energy and HBE is higher binding
energy)
V alence band maximum (EV BM) = EF − LBEcut−off (2.13)
V alence band width (W ) = HBEcut−off − LBEcut−off (2.14)
Work function (Φ) = hν −W (2.15)
Electron affinity (χ) = Φ− (Eg − EV BM) (2.16)
Band bending (BB) = Eg − EV BM (2.17)
2.4 Secondary Mass Ion Spectrometry (SIMS)
2.4.1 Principle
Secondary mass ion spectrometry (SIMS) is an analytical technique that can be used
to characterize the chemical composition of the surface and near surface (≈30µm)
region of solids. The technique uses a beam of energetic (0.5 - 20 keV) primary ions
to sputter the sample surface, producing ionized secondary particles that are detected
using a mass spectrometer as schematically shown in Fig. 2.11. The primary beams
can be O+2 , O
−, Cs+, Ar+, Xe+, Ga+. The angle of incidence of the primary beam
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with the surface can vary with a typical range from normal to 60◦ degrees (mostly 45◦
degrees is used). The sputtering process is not just a surface layer phenomenon but
consists of the implantation of the primary species into the sample and the removal
of surface atoms by the energy loss of the primary species in the form of a collision
cascade. Many secondary species are formed by the interaction of the beam with
the sample, but the positive and negative secondary ions are the species of interest
for SIMS. The secondary ions are extracted by electric fields and mass analyzed.
Detection is done by an electron multiplier, Faraday cup, or an ion sensitive image
amplifier for imaging.
2.4.2 Instrumentation
SIMS instruments differ in their complexity, performance, generation and detection
of ions, but always contain three basic components:
• A chamber to mount the sample to be analyzed,
• A device to produced primary ions and direct a focused ion beam at the sample,
• A mass spectrometer to separate the secondary ions according to their mass/charge
ratio,
The ion optics used to direct the beam to the sample may be able to focus the
beam to a diameter as small as 100 nm in some cases, but primary ion beam diameters
of 10 to 100 µm are more commonly used. The vacuum in the sample chamber ranges
from 10−7 mbar to ultra high vacuum (UHV) pressures of 10−11 mbar. Mass analyzers
for SIMS instruments are any one of three types, namely magnetic sector, quadrupole,
or time-of-flight (TOF).
A mass spectrum consists of the secondary ion intensities of the species detected
as function of mass which are produced by sputtering a sample. With SIMS, the
secondary ion intensities can be measured over a dynamic range as broad as nine
orders of magnitude instead of a factor of 100 which is typical for XPS therefore,
SIMS spectra are usually displayed on a logarithmic intensity scale and can have
significantly enhanced elemental sensitivity compared with almost any other surface
analysis technique [50].
Dynamic SIMS involved acquiring SIMS spectra as a function of depth into the
material. For rapid data acquisition, only a number of masses are monitored during
the etching process rather than acquiring complete spectra. This use of SIMS for depth
profiling has become an important method of profiling the composition of multilayer
device structures.
2.4.3 Quantification
It has been difficult to provide quantitative results using SIMS. Secondary ion yields
for elements can differ by six orders of magnitude for given material or matrix, and can
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vary from matrix to matrix [51]. These sensitive variations for the elements cannot
be accurately modelled using theoretical models of ion emission. The combination of
reference mass spectra and relative sensitive factors (RSF) allows semi-quantitative
compositional analysis to be performed.
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Chapter 3
Experimental Details
This chapter describes the ultra-high vacuum (UHV) systems employed in the
experimental studies, the surface cleaning methods used on ZnO surfaces and the
ZnO sample growth and deposition methods investigated in this work.
3.1 Ultra High Vacuum Systems
In surface science, the experimental study of an atomically clean surface requires
a vacuum environment to minimise the interaction of foreign gas molecules which
potentially alter the surface composition and geometric structure. The exposure of a
clean surface to atmospheric conditions quickly leads to the absorption of carbon and
oxygen based contaminants. It is therefore necessary to undertake surface cleaning
and subsequent experimentation in a vacuum environment. Generally the concept
of vacuum was understood in terms of molecular density, mean free path and time
constant to form a monolayer [1]. In ultra high vacuum conditions, inside the vacuum
chamber the molecular density is very low which results in the mean free path of
the electrons being very high. The operation of x-ray source, ion-source, e-beam
evaporators, and spectrometers all needs vacuum conditions [2]. The pressure in a
vacuum chamber lower than 10−9 mbar is classified as being in the ultra-high vacuum
(UHV) range. In this work, different vacuum systems were used based on the required
surface characterisation, surface processing and other capabilities.
3.1.1 XPS system 1
The XPS system 1 is an ESCALAB model manufactured by Thermo Fisher Scientific
and is shown in figure 3.1. This system consists of three vacuum chambers, a fast
entry load lock chamber pumped by a rotary pump with a base pressure of 10−3
mbar which is used to load samples. The preparation chamber is diffusion pumped
(>10−6 mbar) and has a heating stage allowing controlled annealing of samples up
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to 500 ◦C. The analyser chamber has a base pressure of 10−9 mbar and is equipped
with a twin anode x-ray source (Al and Mg kα) with a VG CLAM 2 hemispherical
electron energy analyser with a triple channeltron electron multiplier detector. The
analysis chamber also has argon bombarding facilities for surface cleaning applications.
Normal operation involves inserting a sample into the load lock and after 30 minutes
it can be transferred to the preparation chamber and then into the analysis chamber.
UHV is achieved in the analysis chamber by bake out for 12 hours at 150 ◦C. This
system was used to undertake basic XPS studies of the characterisation of different
ZnO samples and ex-situ surface cleaning investigations of ZnO surfaces.
Figure 3.1: XPS system 1 showing the fast entry load lock, preparation and analysis cham-
bers.
3.1.2 XPS system 2
The XPS system 2 shown in figure 3.2 is used for in-situ surface preparation, thin
film deposition and surface characterisation. It consists of the two chambers, a small
fast entry load lock equipped with a turbomolecular pump backed by a rotatory
pump with a base vacuum of 10−6 mbar. The main chamber is also equipped with
a rotary backed turbomolecular pump and a titanium sublimation pump with a base
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pressure in the order of 10−10 mbar. The chamber is equipped with a twin anode
(Al and Mg) x-ray source, a VG CLAM 2 electron analyser, e-beam evaporator, mass
spectrometer, and a thermal gas cracker. The annealing of samples is carried out by
using a sample holder with an internal resistive heater capable of heating up to 700 ◦C
which was calibrated using a thermocouple. The atomic hydrogen / oxygen cracker
was employed for surface cleaning of semiconductor surfaces. The multi-pocket mini
e-beam evaporator was used to deposition different metals and metal oxides. The
annealing studies of zinc metal and atomic hydrogen cleaning studies of ZnO were
carried out in this system.
Figure 3.2: XPS system 2 which has the following additional components, e-beam evapora-
tor, thermal evaporator, mass spectrometer, and thermal gas cracker
3.1.3 SIMS systems
The SIMS system (manufactured by Hiden Analytical Ltd) shown in figure 3.3 was
used for depth profile analysis of semiconductor materials. The SIMS chamber was
pumped by a turbo molecular pump backed by a rotary pump and routinely operated
at an ultra high vacuum pressure of 10−9 mbar. The chamber contains an IFG200 ion
gun, quadrupole mass spectrometer and a sample holder. The E-beam grown ZnO
thin films were characterised by SIMS.
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Figure 3.3: The SIMS vacuum system
3.1.4 SX700 Synchrotron Radiation Photoemission vacuum system
SX700 is a photoemission beamline (shown in figure 3.4) at the ASTRID synchrotron,
Institute of Storage Ring (ISA), University of Aarhus, Denmark. The UHV system on
this beamline shown in figure 3.5 consists of load lock and an analysis chamber which
has a base pressure of 2 x 10−10 mbar. The analysis chamber has a VG CLAM 2
electron energy analyser and a sample holder with e-beam bombardment capable for
heating the sample to high temperatures (<1100 ◦C). The atomic hydrogen cleaning
and high temperature oxygen annealing studies of ZnO crystals were performed in
this system.
3.2 Surface cleaning methods
The main goal of this work is the development of surface cleaning procedures for
ZnO surfaces. Both ex-situ and in-situ surface cleaning methods were investigated
including modifications of wet chemical cleaning treatments previously reported
3.2.1 Ultrasonic organic solvent cleaning
ZnO surfaces have a strong tendency to adsorb ambient contaminants such as carbon
and water. The organic solvents were chosen to remove the carbon and hydroxide re-
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Figure 3.4: SX700 beamline at the ASTRID synchrotron [3]
Figure 3.5: UHV photoemission system on the SX700 beamline
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lated species. These solvent cleaning results will be reported in Chapter 6. Firstly, the
as received ZnO crystals (purchased from Crystal GmbH, Germany) were immersed
in acetone ultrasonic bath for 10 minutes to remove organic contamination. Secondly,
the crystals were treated in dimethyl sulfoxide (DMSO) in an ultrasonic bath for 10
minutes to remove polar organic contaminants. Thirdly, crystals were ultrasonically
cleaned with toluene to remove non-polar organic and water based contaminants.
After each solvent treatment the ZnO crystals were blown dry with nitrogen gas
and immediately loaded into the vacuum. This study of the effectiveness of organic
cleaning was performed by both investigating the changes in chemical composition
resulting from the individual treatments and the combined effect of all the organic
cleaning steps as shown in figure 3.6.
Figure 3.6: Systematic organic solvent cleaning in represented equation format
3.2.2 Atomic hydrogen and oxygen cleaning
The atomic hydrogen cleaning is one of the established in-situ surface cleaning tech-
niques for semiconductors like Si, Ge, and III-Vs. Exposure of a surface in vacuum to
atomic hydrogen or oxygen at elevated temperature can result in the efficient removal
of carbon contamination and surface localised oxides at lower temperatures than ther-
mal annealing alone. The UHV compatible thermal gas cracker used in this project
to prepare ZnO surfaces is shown in figure 3.7.
This Oxford Applied Research R© thermal gas cracker (TC-50) can efficiently pro-
duce the required amount of atomic hydrogen at a power setting of 60 W. The op-
eration of thermal gas cracker is schematically shown in figure 3.8. Hydrogen gas
at a background pressure of 1 x 10−7 mbar, is passed through a fine bore capillary
tube which is connected directly to the gas inlet line. This confines and minimises
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Figure 3.7: TC-50 Thermal gas cracker [5]
the gas flow while also providing a large surface area and path length for the gas,
increasing the efficiency of the cracking process. The capillary tube is held at 1 kV
so that electrons from a filament at earth potential in close proximity to the tube are
accelerated towards it, generating temperatures of 1000 ◦C. An emitted beam current
of 65 mA, allows for a maximum power output of ≈65 W. The power is kept constant
throughout by adjusting the temperature of the filament with a feedback loop. Hy-
drogen molecules impacting on the walls of the capillary are thermally dissociated,
achieving atomic fractions of ≈ 50%. This atomic flux is then incident on a sample
held at elevated temperature (typically 200 ◦C - 500 ◦C), for periods of time up to a
few hours. The body of the cracker is water cooled to reduce the thermal strain on
the UHV system and prevent out gassing.
Figure 3.8: Schematic diagram showing the operation of the TC 50 thermal gas cracker
system used to produce atomic hydrogen [5]
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3.2.3 High temperature oxygen annealing
Annealing a contaminated surface in an oxidizing atmosphere can be effective at
removing surface carbon. In chapter 7, high temperature (up to 1000 ◦C) oxygen
annealing was carried out on the four different crystallographic surfaces of ZnO studied
in this work. These experiments were carried out at the synchrotron beamline SX700
using high purity oxygen gas.
3.3 ZnO growth and thin film deposition details
In this part of the work, different growth methods were used to deposit ZnO thin
films and nanostructures as outlined below.
3.3.1 E-beam deposition of ZnO thin films
E-beam deposition is a form of physical vapour deposition in which a target anode is
bombarded with an electron beam generated by a heated tungsten filament under high
vacuum. The focussed electron beam generates sufficient heat to cause atoms from
the target material to evaporate. These atoms then deposit in solid form, coating
everything in the vacuum chamber in line of sight of the source with a thin layer
of the anode material as schematically shown in figure 3.9. E-beam evaporation is
characterised by high deposition rates from 1.7 nm/s to 170 nm/s, with very high
material utilization efficiency.
Figure 3.9: Operation of e-beam evaporation [6]
A Leybold Univex deposition chamber was utilized for e-beam deposition (see
figure 3.10) and a water cooled quartz crystal thin film thickness monitor was used to
determine the deposited film thickness. The ZnO thin films were e-beam deposited
from ZnO (99.9%) pure pellets onto silicon substrates. The 4 inch silicon Si(111)
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wafer covered by native oxide was cleaned by sequentially immersing the wafer in
acetone, methanol and isopropanol in an ultrasonic bath and then dried in flowing
nitrogen before being placed in the deposition chamber. The rate of ZnO deposition
could be varied between 0.5 A˚s−1 to 0.7 A˚s−1 depending on the emission current. The
total thickness of the deposited layer as estimated from the quartz thickness monitor
to be ≈54 nm. For the SIMS characterisation studies of these materials, ZnO thin
films were grown separately using the same deposition method.
Figure 3.10: The e-beam deposition chamber
3.3.2 Pulsed laser depositions of ZnO Thin films
ZnO thin films were grown in a conventional pulsed laser deposition (PLD) apparatus
containing a frequency-quadrupled Nd:YAG laser (λ = 266 nm, τ = 6 ns) operated
at 10 Hz which provides 140 mJ of laser light energy. The laser targets were made of
sintered ZnO powder (99.99%) in 2.54 cm diameter disks. The base pressure of the
chamber was 2 x 10−8 mbar and 5N-pure oxygen is introduced into the chamber at a
rate of ≈40 sccm creating a background pressure of ≈0.1 mbar. Thin films were grown
at a laser fluence of 2 Jcm−2 and required 4800 shots. All the samples were grown
at a substrate temperature of around 700 ◦C. After growth, the samples were in-situ
annealed in oxygen atmosphere and subsequently cooled at a rate of 1.0 ◦Cs−1 [7].
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3.3.3 ZnO nanorods by VPT method
The vapour phase transport (VPT) is a simple synthesis method widely used for the
growth of ZnO nanostructures. In this method, vapour of Zn and oxygen is trans-
ported over a sapphire substrate where they react to form ZnO nanorods. There
are various growth mechanisms in the VPT method, like direct decomposition of the
growing material or using a catalyst for vapour reaction. In this work a vapourliq-
uidsolid (VLS) mechanism [8] was used to grow ZnO nanorods and the experimental
setup used is shown in figure 3.11.
Figure 3.11: Vapour Phase Transport set up for ZnO nanorod growth [9]
Initially, ≈5 nm thin film of Au was thermally deposited on the sapphire substrate
as a catalyst metal to initiate nanorod growth. This sample was placed in a tube
furnace along with a mixture of graphite and ZnO powder. With an argon flow of
90 sccm and the furnace heated up to ≈900 ◦C, the Zn vapour forms a Au/Zn alloy
which becomes supersaturated resulting in the precipitation of Zn which reacts with
oxygen to form ZnO nanorods. By the continuation of this process, the alloy droplet
are displaces to the top and the nanorod grows perpendicular to the substrate. A
typical growth run duration is 60 minutes with the source of oxygen from the residue
oxygen partial pressure in the chamber.
For XPS characterisation, ZnO nanorods were grown on a-plane (11-20) sapphire
substrates (1 cm x 1cm). The crystalline nature and texture of the as grown nanorods
was characterised by XRD. The result shows nanorods were single crystal with (0002)
c-plane orientation. The growth of well aligned straight nanorods with gold on top
was also confirmed by SEM morphological studies.
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Chapter 4
XPS characterisation of differently
prepared ZnO surfaces
4.1 Introduction
The surface science of ZnO has become an important field of research due to different
chemical and physical properties of its polar and non-polar surfaces [2, 33] as out-
lined in chapter 1. The adsorption of surface contaminants on ZnO surfaces especially
hydroxyls (OH), hydrocarbons (CH) and water during air exposure significantly in-
fluence its properties. Application of ZnO surfaces in a wide range of devices from
microelectronics to gas sensors [3] requires a deep understanding of ZnO surface be-
haviour. In nanostructured ZnO, the small length scale and large surface-to-volume
ratio mean that surface effects play a stronger role in controlling the observed prop-
erties than for dense materials. The physics and chemistry of the ZnO surface has
been comprehensively reviewed by Woll [3].
Photoemission studies of ZnO have been reported by many researchers since 1973 [4].
Due to the recent developments in novel growth techniques highly stoichiometric ZnO
crystals have been grown by hydrothermal seeded chemical vapour (SCVT), pressur-
ized melt growth and the Bridgman method [5]. 2D ZnO thin films have been grown
by e-beam evaporation, RF magnetron sputtering, chemical vapour deposition (CVD),
molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) [6], 3D ZnO
nanorods have been grown by metalorganic chemical vapour deposition (MOCVD),
vapour phase epitaxy (VPE), pulse laser deposition (PLD), vapour-liquid-solid (VLS),
aqueous chemical growth (ACG) and electro-deposition techniques [7]. A primary aim
of the present study is to evaluate and generate the reference photoemission spectra for
the different ZnO surfaces. A number of previous X-ray photoelectron spectroscopy
studies for ZnO [8–14] have been reported.
In this work XPS measurements have been undertaken for a range of different ZnO
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samples including single crystals, powders, thin film and nanorods. Angle resolved
XPS (ARXPS) was employed for nanorods in an attempt to distinguish the photoe-
mission spectra acquired from the top polar surface and hexagonal non-polar sides.
The core level spectra of Zn 3d, Zn 2p, O 1s and C 1s were analysed. The binding
energy referencing and curve peak fitting were optimised based on standard photoe-
mission spectra from the NIST database [16] and the XPS handbook [17]. These
core level spectra were peak fitted to precisely identify the different chemical species
present on the surface of the ZnO samples.
4.2 Experimental
4.2.1 Materials
Zinc metal
Reference spectra of zinc metal of purity 99.99% were acquired for a native oxide cov-
ered sample and following the mechanical removal of the surface oxide immediately
prior to being inserted into the XPS vacuum system. The XPS scans were record
for as loaded and vacuum annealed at 100 ◦C conditions. A zinc metal sample was
also subjected to an IPA ultrasonic before being loaded into the vacuum system and
annealed at 200 ◦C for 30 minutes.
ZnO crystals
Four different crystallographic faces of ZnO single crystals, namely the polar Zn and
O terminated (0001)-Zn, (000-1)-O surfaces as well as the non-polar (10-10) and (11-
20) surfaces, all hydrothermal grown were investigated by XPS measurements as a
function of organic solvent cleaning.
ZnO thin films
The PLD growth details of ZnO thin films were described in Chapter 3. ZnO thin
films ≈54 nm thick were grown on a silicon dioxide surface by e-beam deposition.
The silicon dioxide substrates were cleaned prior to ZnO deposition with acetone,
methanol and isopropanol. After deposition films were exposed to air for approxi-
mately 10 minutes before being loaded into the XPS system for analysis.
ZnO Pellets
ZnO pellets were also obtained by compressing 99.99% pure ZnO powder (purchased
from Sigma-Aldrich Inc, Ireland) into a pellet and further annealed in tube furnace
at 400 ◦C for 1 hour.
ZnO nanrods
Well aligned ZnO nanorods were grown on sapphire substrates by the vapour phase
transport (VPT) method as previously reported [18]. The growth details were de-
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scribed in chapter 3. For ZnO nanorods, photoemission spectra were acquired at a
range of angles between 0◦ and 60◦ in steps of 15◦ to study the angular dependence
of the photoemission signals.
4.2.2 XPS characterisation
All XPS spectra were recorded by a VG photoelectron spectrometer using Al-Kα
radiation (1486.6 eV) as the X-ray excitation source at a pressure of 10−9 mbar. The
diameter of the x-ray radiated area was approximately 10 mm and the pass energy of
the analyser was set at 20 eV yielding an energy resolution of approximately 1.0 eV.
The spectrometer was calibrated by using the photoemission lines of Au (Au 4f7/2
= 84.09 eV, with reference to Fermi level) for the Au 4f7/2 line, the full width at
half maximum (FWHM) was 1.02 eV. The calibration of binding energy scale was
performed with the C 1s line (285 eV) from the carbon contamination layer. The
XPS core levels were analyzed by using AAanlyser [19] in which a Shirley background
is assumed and peak fitting of experimental curves were defined by mixed singlet
combination of Gaussian and Lorentzian line shapes. The XPS atomic concentrations
of Zn, O and C were computed from measuring the area under the fitted photoemission
peaks and dividing this area by the relative sensitive factors (Zn: 3.354; O: 0.711; C:
0.296) [17].
4.3 XPS results
4.3.1 Native oxide on zinc metal
XPS is a suitable tool to investigate the oxidation state of metal and semiconductor
surfaces [20,21]. Surface oxides will readily form on a clean znic metal surface due to
the reactivity of (zinc metal) Zn2+ ions with moisture or atmospheric oxygen. The
native oxide on zinc metal surfaces is widely used as protective coating for corrosion
prevention. In XPS analysis, the oxidation state of a transitional metal can in principle
be determined from the 2p core level binding energy. But the change in binding
energy of the 2p peak for metallic zinc, partially oxidised zinc, fully oxidised zinc
oxide and zinc hydroxide is very small. Therefore careful XPS studies of binding
energy positions for metallic Zn, ZnO, Zn(OH)2 are needed and will be compared
with previously studies [9, 12, 22–25]. The main aim of this initial work on Zn native
oxide is to evaluate the binding energy position of the native oxide states on ZnO and
determine the peak fitting parameters and the stoichiometry of the native oxides on
Zn metal.
The survey spectra for the differently prepared zinc metal surfaces are shown in
figure 4.1 with the core level peaks of Zn 3d, Zn 3p, Zn 3s, Zn 4s, C 1s, O 1s, and
Auger peak Zn LMM identified. The binding energy of these peaks are in agreement
with the reported reference values for ZnO [17, 26] and are displayed in Table 4.1.
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The zinc metal which initially cleaned by iso-propanol and annealed after having high
amount of carbon contamination when compared to scraped samples. In all four
samples presence of O 1s peak shows existence of ZnO on zinc metal. Even after
annealing up to 200 ◦C no more desorption of oxygen is seen.
Figure 4.1: Survey spectra of zinc metal with native oxide (1) IPA cleaned, (2) IPA clean
with 200 ◦C annealing, (3) scraped and (4) scraped after 100 ◦C annealing.
In Figure 4.2 Zn 3d is a bulk sensitive core level peak. This peak is deconvoluted
into three peaks by peak fitting (1) zinc metal (9 eV) (2) ZnO (10 ± 0.25 eV) (3)
Zn(OH)2 (11.3 ± 0.2 eV). It is clearly seen the zinc metal component is prominent
in a scraped sample whereas ZnO component is prominent in an IPA cleaned sample.
The spectral intensity of scraped sample is due to the clean metal surface is better
than IPA cleaned sample haves a high level of contamination. So IPA treatment will
lead to oxidation and contamination instead of cleaning the metal surface. In all
samples the existence of zinc hydroxide shows adsorption and reaction of moisture on
Zn metal surface. Hence the vacuum cleaving will be the best cleaning method for
photoemission study of pure zinc metal surface.
Naturally any surface exposed to air or atmosphere will pick up carbon as contami-
nation layer and can be precisely identified by XPS. Carbon C 1s core level spectra are
shown in figure 4.3 and the adventitious carbon peak is found at 285 eV for scraped,
IPA cleaned and annealed samples. Further peak fitting revealed the existence of
carbon monoxide and dioxide binding energy ranges at (287.2 - 286.4 eV) and (289.2
- 289.9 eV) respectively. In both IPA cleaned and scraped zinc metal sample after
annealing the reduction of oxygen bonded carbon is observed by shift of peaks to
lower binding energy. In general, the scraped sample having less CO and CO2 than
70
4.3. XPS results
Figure 4.2: Bulk sensitive Zn3d core level spectra for zinc metal both IPA cleaned and
scraped.
IPA cleaned sample.
Figure 4.3: Core level spectra for carbon C1s for zinc metal samples.
The Auger peak Zn L2M45M45 obtained for both scraped and IPA cleaned is shown
in kinetic energy scale in figure 4.4. It clearly shows the distinction of Zn0 metallic
state and Zn2+ oxidised state respectively. In IPA cleaned sample the kinetic energy
for ZnO is 988.24 eV and annealing at 200 ◦C peak moves the feature to 987.77 eV
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(K.E.) and is due to further oxidation of Zn atoms. On the other hand the scraped
sample peak at 992.91 eV (K.E.) is typical of the zinc metallic state and annealing
at 100 ◦C a movement of the peak to 993 eV shows as it becomes more metallic by
desorption of oxygen from zinc. The difference in kinetic energy for Zn to ZnO for the
Auger peak is 5 eV. This value is consistent with previously reported XPS studies [10].
Figure 4.4: Zinc Auger peak Zn L2M45M45 in metallic state for scraped and oxidised state
for IPA processed metal sheets.
The oxygen photoelectron feature for zinc oxide in zinc metal is shown in figure 4.5.
The position of the zinc bonded oxygen is seen in all spectra at 530.45 eV while the
hydroxide is at 532 eV for the scraped sample and 531.76 eV for an IPA cleaned
metal. Finally the water as well as carbon bonded oxide is observed at 533.16 eV
for scraped, 532.96 eV scraped cum annealed at 200 ◦C and 533.36 eV for an IPA
cleaned. Before annealing on the zinc metal strong coverage of zinc hydroxide is seen
for scraped and IPA treated. After annealing the hydroxide was reduced and the ZnO
component increases significantly. In all four samples, zinc metal sheets show the
presence of ZnO at the surface. The removal of zinc oxide by annealing is not possible
here because the melting point of ZnO is 2000 ◦C while that of zinc metal is 400 ◦C.
So annealing above 200 ◦C the zinc metal will desorb the Zn atoms from surface.
Zn 2p3/2 core level spectra for the zinc metal sheet is shown in figure 4.6. Because
of the surface sensitive peak the chemical composition of the metal surface is revealed
here. The large movement of peak positions shows how the surface cleaning as well as
annealing influences the surface. The binding energy ranges from as follows (1) zinc
metal - 1021.81 eV, (2) ZnO - 1022.53 to 1022.98 eV, (3) Zn(OH)2 - 1023.78 eV to
1024.06 eV and ZnCOx 1024.96 eV. Similar to the Zn 3p detected an unknown peak
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Figure 4.5: O 1s core level spectra for zinc metal sample.
Znx is also s-en at a lower binding energy of all XPS spectra. In initial IPA treated
spectra Zn(OH)2 and ZnCOx were seen, further annealing at 200
◦C evaporates the
of excess hydroxide and the presence of ZnO is observed. In scraped metal similar
ZnO and Zn(OH)2 features were seen whereas further annealing at 100
◦C leads to
the desorption of hydroxide with transformation of zinc metal and ZnO.
Figure 4.6: Zn 2p3/2 Surface sensitive core level for zinc metal.
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4.3.2 ZnO single crystal surfaces, thin films and powders
ZnO single crystal surfaces are of technological importance having a wide range of
applications from industrial catalysts to humidity sensing and UV sensors [27]. It
has a hexagonal crystal structure with eight outer faces and six inner cut faces (as
mentioned in chapter 1). The four crystallographic surfaces (0001)-c plane (top), (000-
1)-c plane (bottom), (10-10)-m plane, (11-20)-r plane are the most important for both
fundamental studies and for technological applications. Zinc terminated (0001) and
oxygen terminated (000-1) surfaces have both semiconductor and optoelectronic de-
vice applications [27]. Both surfaces display different chemical and physical properties,
while the (10-10), (11-20) surfaces have been used as catalysts for organic chemical
manufacturing [28]. A comparative XPS study of these four different ZnO surfaces is
presented in this work.
Pulsed laser deposition (PLD) has been shown to be a suitable technique on which
to grow ZnO thin films to obtain high stoichiometry with good electrical and optical
properties [29]. The strength of PLD growth is that the deposited film directly reflects
the chemical composition of the target material. PLD has been used to growth ZnO
epitaxial films and nanostructures at room temperature. E-beam deposited ZnO thin
films are polycrystalline in nature and are used for making ZnO varistors [27]. XPS
comparative study of PLD grown thin films and e-beam grown thin films will give a
good understanding of the surface reactivity of ZnO thin films. XPS survey spectra
of ZnO single crystals, thin films and powders acquired at normal emission are shown
in figure 4.7.
Similar to previous zinc metal survey spectra the peaks for zinc (Zn 3d, Zn 3p, Zn
3s, Zn 2p, Zn-Auger), carbon (C 1s), oxygen (O 1s) were identified in all four polar
and non-polar faces, PLD and E-beam grown thin films and pellets. The comparative
binding energy value of all peaks was tabulated (Table 1). The survey spectra for the
ZnO single crystal surfaces showed in figure 4.7 show low levels of carbon contami-
nation on the O-terminated and (10-10) mixed terminated crystal surfaces. A higher
carbon signal was measured on the Zn-terminated (0001) crystal surface which is a
naturally more reactive surface. From the survey spectra for ZnO pellets the initial
sample spectra show less intensity of all peaks when compared to sintered pellet.
The carbon contamination C 1s core level peak is shown in figure 4.8 for the four
single crystal surfaces investigated. The carbon C 1s is peak fitted with three peaks,
with the main peak at (285 ± 0.3 eV) attributed to adventious carbon bonded carbon
(C-C) signal which is the reference peak for binding energy calibration. The carbon
monoxide (C=O) peak ranges at 286.4 eV - 287.4 eV and a peak at higher binding
energy between 288.6 eV - 291.8 eV is attributed to (O-C=O) bonding configurations.
The formation of the oxidised carbon species is attributed to the surface reaction of
oxygen on surface of ZnO with adventious carbon. The variation of binding energy of
C 1s peaks between the different crystal surfaces was ≈ ± 0.5 eV. Analysis of the C 1s
core level spectra for the PLD and e-beam deposited thin films show the same spectral
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Figure 4.7: Survey spectra for ZnO single crystal of important four faces (0001), (000-1),
(10-10), (11-20), ZnO thin films (E-beam and PLD grown) and ZnO powder (pellet, sintered
and air exposure).
features as for the single crystal surfaces and no obvious dependence on deposition
method.
The oxygen core level for the single crystal ZnO surfaces can be curve fitted with
principle peaks at 530.5 eV and 532 eV attributed to zinc oxide and zinc hydroxide
species, respectively as shown in figure 4.9. For the Zn-terminated surface the ad-
sorbed hydroxide peak is significantly larger than on the other surfaces and a higher
binding energy peak at 533.1 eV is attributed to adsorbed water. The origin of the
additional lower binding energy oxygen peak at 529.1 eV is unknown but may be
related to other adsorbed impurities consistent with the reactive nature of the Zn-
terminated surface. The O 1s spectra for the O-terminated and non-polar (10-10),
(11-20) surfaces show similar peak profiles with the zinc oxide related peak at 530.5
eV and the hydroxide peak at 532 ± 0.2 eV binding energies. For the PLD and e-beam
deposited thin films, the O1s core level spectra are ZnO at 530.51 eV, a hydroxide
component at 532.04 eV and a H2O related peak at 533.17 eV in agreement with
previous studies [30]. For ZnO powders, the peak attributed to ZnO bonding is at
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Figure 4.8: Comparative adventitious carbon C 1s core level for polar and non-polar ZnO
crystal surfaces, thin films (E-beam and PLD grown) and ZnO pellets with annealing and
exposure.
530.9 eV B.E. with the hydroxide and water related component peaks at 532.2 eV -
533.4 eV B.E.
The bulk sensitive Zn 3d photoemission spectra for the ZnO single crystal surfaces
shown in fig 4.10 were observed at 9.77 eV to 10.11 eV and corresponding hydroxide
also visible at 1 eV higher binding energy than ZnO. Zn 3d spectra confirm that on all
four surfaces a hydroxide bonding component forms. The Zn L2M45M45 Auger peak
from thin films were shown at figure 4.11 the Kinetic energy (K.E.) of both PLD and
E-beam grown film were very close at 987.75 eV and 988.10 eV respectively. This
matches the exactly the standard value for ZnO [17].
Zn 2p3/2 core level spectra (figure
The lower binding energy peak below the ZnO is identified in all surfaces which
fall below binding energy position of zinc metal. The origin of the peak is unclear
which appear for Zn 2p, Zn 3p core levels similarly found in zinc metal. For the PLD
grown ZnO thin films the zinc peaks were at (1) ZnO - 1022.51 eV, (2) Zn(OH)−2
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Figure 4.9: Comparative oxygen O 1s core level for the polar and non-polar ZnO crystal
surface, thin films (PLD and E-beam grown) and ZnO pellets with processing.
1024.00 eV. For E-beam grown thin films the Zn2p peak for ZnO component is at
1022.30 eV and hydroxide component at 1023.28 eV. Similarly for the ZnO powder
also Zn 2p3/2 having three components, the higher binding energy peak at 1023.89
eV is assigned to a zinc hydroxide, the lattice zinc oxide peak is at 1022.60 eV, and a
small peak 1020.67 eV at lower binding energy is related to a zinc surface state [31].
This small peak may be due to the conductive free electrons accumulated as a layer
on surface of ZnO [32].
4.3.3 Angle resolved XPS studies of ZnO nanorods
ZnO nanostructures can readily be growth using a wide range of techniques ranging
from simple chemical preparation methods to the use of sophisticated vacuum depo-
sition methods. The XPS is well established surface analysis technique to determine
the chemical composition of two dimensional surfaces. As nanorods are three dimen-
sional surfaces, the angular dependence of the photoemission signal was determined
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Figure 4.10: Bulk sensitive Zn3d core level for ZnO (the polar and non-polar) crystal Surface.
by acquiring photoemission spectra at a range of angles between 0◦ and 60◦ in steps
of 15◦ degree as schematically shown in figure 4.13.
The XRD 2 (θ−ω) scans shown in figure 4.14(a) for the nanorod structures on an
Al2O3 substrate display a peak for ZnO (0002) at 34.58
◦ and a second order (0004)
peak at 72.64◦ indicating the single crystal nature of the nanorods. A strong (11-
20) diffraction peak originating from the sapphire substrate also observed at 37.78◦.
The FWHM of 0.18◦ for (0002) peak displays the good crystallinity and alignment of
the nanorods with [0001] texture. No XRD peaks corresponding to other phases are
detected in the scan. The scanning electron micrograph (SEM) of the nanorods shown
in figure 4.14(b) indicates the well aligned morphology of ZnO nanorods. These results
confirm that the ZnO nanorods employed for photoemission study are well aligned,
single crystalline nanostructures.
Figure 4.15 shows the core level spectra of carbon C 1s and oxygen O 1s at dif-
ferent photoemission angles with respect to surface off-normal. For the C 1s, a four
component peak fit is used to identify, carbon bonded with hydrogen(C-H) at 284
eV, (C-C) - 285 eV, (C-O) - 286.70 eV and (O-C=O) - 289.3 eV. The FWHM of all
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Figure 4.11: Zn L2M45M45 Auger peaks for (PLD and E-beam) thin films.
the peaks with different angle of photoemission is constant at 1.6 eV. O 1s core level
spectra were the most useful peak for studying surface the chemical state of ZnO. The
oxygen O 1s peak is peak fitted with 4 peaks which are (1) small peak at lower bind-
ing energy which is meant to aluminium oxide from substrate at 528.9 eV, (2) O-Zn -
531.1eV, (3) OH - 532.5 eV and H2O - 533.5 eV. These observed binding energy had
a small variation of ±0.4 eV with respect to different angle of photoemission and are
consistent with recently reported values for ZnO nanorod [34]. The FWHM of the all
oxygen peaks with different angle of photoemission is constant at 1.6 eV.
The readily visible peak for zinc Zn 2p3/2 is shown in figure 4.16. Similar to oxygen
O1s, zinc Zn 2p3/2 is peak fitted with a bulk oxide component oxide (1022.7 eV),
hydroxide (1023.6 eV), carboxylates (1025 eV) and small asymmetric peak (1020.89
eV) is attributed to a surface state feature. The FWHM of the all peaks with different
angle of photoemission is constant at 1.75 eV. Gold nanoparticles were used as catalyst
for nanorods growth and the Au 4f7/2 signal is detected with Zn 3p core level in the
XPS spectra is shown in figure 4.16. This peak was deconvoluted with four doublet
peaks. Gold Au 4f peak observed at 84.2 eV and Zn 3p peak with three components
(i) Zn surface state - 86.35 eV, (ii) ZnO - 89.05 eV, (iii) Zn(OH)2 - 90.55 eV. The
FWHM of the all peaks with different angle of photoemission is constant of 0.89 eV
and 2.52 eV for gold and zinc respectively.
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Figure 4.12: Comparative zinc Zn 2p3/2 core level for polar and non-polar ZnO surface,
PLD and E-beam grown ZnO thin films and ZnO pellets (initial, sintered, air exposed).
4.4 Analysis
4.4.1 Binding Energy
Binding energy values of the XPS peaks can provide information on the chemical
state of the elements present at the surface of the materials. In Table 4.1 the binding
energy values of survey spectra of different type of ZnO samples measured were given,
4.4.1.1 Survey Scans:
On comparing these survey binding energy values to standard values for ZnO [26,35],
there was not much variation for all samples. The Zn 3d peak B.E. values vary from
9.97 eV to 10.98 eV. In collective view of all samples, the Zn 3d binding energy from
9.97 eV to 10.5 eV is for ZnO and above 10.5 eV is for Zn(OH)2. For Zn 3p and
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Figure 4.13: Alignment of nanorod with X-ray and analyser when normal, 30, 60 degree
angle dependent photoemissions.
Figure 4.14: (a) X-ray diffractrogram and (b) SEM image of single crystal ZnO nanorod
vertically grown on sapphire substrate.
Zn 3s peaks the average values of B.E. were 88.95 eV and 139.96 eV respectively.
These peaks have a small variation in B.E. (0.52 eV Zn 3p and 0.32eV Zn 3s) for
all samples. The chlorine Cl 2p is found as common contamination in ZnO (199 eV
- 200.8 eV) crystals, E-beam thin films and powder samples. The adventious carbon
is found around 285 eV in all ZnO samples. Among all Zn LMM Auger peaks the
high intensity and prominent peak Zn L2M45M45 is between 497.79 eV - 500.01 eV,
which corresponds to ZnO. The O 1s peak is the more sensitive peak in ZnO which
found between 530.27 eV 532.03 eV. Based on O1s peak in survey spectra the binding
energy for partially oxidised Zn (ZnOx) is below 530.5 eV, fully oxidised Zn (ZnO) is
between 530.5 eV - 531 eV, above 531 eV is for Zn(OH)2. The surface sensitive peak
Zn 2p3/2 having average B.E. at 1022.5 eV is for ZnO peak and hydroxide is above
1022.7 eV. To nullify the charged shifts and for perfect identification of compound
difference in B.E. of two core levels is used. Difference in B.E. of Zn 2p1/2 - Zn 2p3/2
is around 23 eV and Zn 2p3/2 - O 1s is between at 491.02 eV - 492.23 eV.
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Figure 4.15: The core level spectra of carbon (C 1s) and oxygen (O 1s) of ZnO nanorods
from photoemission angles from 0 to 60 degrees in steps of 15 degrees.
4.4.1.2 Narrow Scans:
The binding energy of narrow scans for core levels of C 1s, O 1s, Zn 2p3/2 for Zn
metal, ZnO on Zn metal, ZnO crystals, thin films, powder and nanorod were shown
in table 4.1. These tabulated binding energy values were reproducible and consistent
in-house XPS repeated studies. In table 4.2 following sample B.E. values were not
included: (1) initial scraped and IPA cleaned zinc metal, (2) as made and air exposed
ZnO pellets and (3) 15◦, 45◦, 60◦ degree angle of photoemission for ZnO nanorod.
Those samples were omitted because of large amount of contamination, very low
photoemission peak intensity and then repetitive results.
The carbon peaks for all samples were found at 285 eV with variation of ± 0.3 eV.
The carbon dioxide(C=O) peak for zinc metal sample is having higher B.E. difference
of 2 eV from C-C position and other ZnO samples having only 1.6 eV. Carbon trioxide
(O-C=O) has B.E. difference of 4 eV from C-C peak for all samples. But the (11-
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Figure 4.16: The core level spectra of Znic (Zn2p3/2) and (Zn3p3/2 and Zn3p1/2) of ZnO
nanorods from photoemission angles from 0 to 60 degrees in steps of 15 degrees.
20) crystal surface has a large B.E. difference of C-C to C-O is 2.63 eV and C-C to
O-C=O is 7 eV due to high level of carbon contamination. Most of the O 1s peak
for ZnO is perfectly found at 530.5 eV. For e-beam thin films, zinc bonded oxygen
(O-Zn) got more oxide or hydroxide on surface. So the peak position slightly moves
to 530.77 eV, powder - 530.91 eV and nanorod 530.97 eV. Hydrogen bonded oxide
(OH) in the O 1s signal matches with previous reports [35] and is 1.5 ± 0.3 eV away
from zinc bonded oxide. The B.E. difference for peak fitted for water (H2O) to O-Zn
is 2.6 ± 0.35 eV. Prominent Zn Auger (Zn L2M45M45) peak for zinc metal is 992.99
eV (K.E.) and for ZnO is between 987 - 988 eV (K.E.) in thin film samples. The
zinc surface sensitive peak Zn 2p3/2 ranges from 1022.3 - 1022.9 eV for ZnO, where
thin films, powder, nanorod has 0.3 eV less than crystals sample Zn 2p 3/2 peak B.E.
Zinc hydroxide (Zn(OH)2) components found at higher B.E. difference of 1 ± 0.35
eV for Zn-O peak. The zinc metallic peak is at 1021.81 eV for zinc metal sheet and
Zn(OH)2COx is at 1025.03 eV for ZnO nanrods.
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4.4.2 Peak fitting
The measured XPS core level peak for a particular element is a collection of several
peaks due to different chemical bonding of that element. To separate those individual
peaks (for each bond) as a mathematical function used to deconvolute / dissociate the
real peak is fitted by combination of several synthetic peaks. The fitted peaks must be
meaningful to mention the element or compounds are in existence. The parameters
used in peak fitting were (1) expected binding energy separation between peaks (2)
full width half maximum (FWHM) of peak, which is combination of Lorentzian and
Gaussian functions. Some peaks of s, p, d orbitals will have splitting of two peaks
separated by a distance which were called double-let peaks. So peak fitting is a crucial
and important part in XPS spectra analysis. The peak fitting were repeated several
times and analysis were done to find the best and most meaningful synthetic peaks.
The binding energy separation between fitted peaks of C 1s, O 1s, Zn 2p core
levels were easily calculated from table 4.2. The FWHM used in peak fitting for all
samples were tabulated here (see Table 4.3). For zinc, all core levels Zn 3d, Zn 3p,
Zn 2p were peak fitted with three peaks with an energy separation of nearly 1.0 eV
between the each peaks (Zn ZnO Zn(OH)2 Zn(OH)COx). The FWHM for Zn 3d -
1.5 eV, Zn 3p - 2.5 eV and Zn 2p - 1.75 eV were also mostly similar for all samples. A
special case here is Zn 3p which is a doublet peak with 2.9 eV - 3.0 eV splitting and
a small peak fitted for Zn surface state has a different FWHM of 1.5 eV and must be
used to make a good fit. Further in the ZnO nanorod, a gold peak Au 4f is detected
and fitted with a FWHM of 0.89 eV.
For O 1s core level three peaks were fitted with binding energy separation of O-Zn
to O-H is 1.5 ± 0.3 eV and O-Zn to H2O is 2.5 ± 0.3 eV. The FWHM is varied between
1.32 - 1.6 eV the variation range is 0.3 eV, this variation is due to the change in the
level of hydroxide and nature of the sample surface area. ZnO thin films and powder
have low values of 1.32 - 1.45 eV, next the ZnO crystal has 1.4 - 1.6 eV. Finally metal
and nanorod have a stable width of 1.6 eV. This FWHM variation is due to partial
oxidation of zinc metal as well as the hydroxide based contaminants. Carbon C 1s
core level also peak fitted with three synthetic peaks with binding energy difference of
C-C to C-O is 2 ± 0.5 eV and C-C to O-C=O is 4 ± 0.8 eV. The variation of FWHM
for carbon is 0.5 eV from 1.42 to 1.92 eV. The wide peak broadening (1.9 eV) implies
larger amount and different types of carbon stays on surface.
4.4.3 Comparison of ZnO nanrod photoemission signal as a function of
emission angle
The variation in area of peak for ZnO nanorods with respect to different photoemission
angles for carbon, oxygen, zinc is shown in figure 4.17 Summaries the comparison,
the intensity of C 1s and O 1s peak is very low at normal 0◦ and 15◦ emission, is
a maximum at 30◦ emission and reduces again at angles of emission of 45◦, 60◦ (see
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figure 4.17). In peak area analysis, the ambient carbon (C-C) and carbon monoxide
(C=O) signals rise from normal emission to 30o off normal and decrease again up to
60◦ shows amount carbon on whole surface of nanorod is almost uniform. Further
area analysis of carbon trioxide (O-C=O) and hydrocarbon (C-H) decreases at the
photoemission angle (O◦ to 60◦) increases implying these were abundant on the top
surface of the nanorod. The oxygen peak areas reduce as a function of emission angle
except 30◦ because of the reduction in surface area and scattering of photoelectrons
between nanorods. At 30◦ plenty of photoelectrons emerge out from top and sides
of nanorod with less collision rate. The reason why the area of OH peak reduces
at 15◦ and Al-O increases at 45◦ is unclear. In Zn 2p the maximum intensity was
also obtained at 30◦ of photoemission. In comparison, the intensity of the gold peaks
(see figure 4.17) are almost zero at normal emissions, rise to a maximum at 30◦ and
decrease again in intensity at 45◦ and 60◦ off normal. The ratio of zinc to gold increases
from normal to 60◦. Both zinc and gold have attained maximum at 30◦.
4.4.4 Surface chemical composition
The surface chemical composition can be obtained by analysis of the XPS spectra in
atomic percentage terms. Information on surface contamination and ZnO stoichiome-
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Figure 4.17: Carbon, oxygen, zinc (Zn2p, Zn3d) and gold core level peaks total area analysis
in function of angle of photoemission.
try can also be extracted from these measurements [36]. The XPS atomic percentages
for the ZnO single crystals, thin films and powders are tabulated in Table 4.4 and for
nanords in separate table 4.5. In a collective view (from Table 4.4) of carbon con-
tamination on samples the IPA cleaned Zn metal was having more carbon of 50%,
next the ZnO powers and scraped zinc metal having 30%, single crystal having in the
order of ≈20% expect (0001)Zn-terminated crystal surface has ≈30% and finally thin
films having less amount ≈ 15% of carbon contamination. The oxygen composition
is high for (000-1) O-terminated crystal (53.35%), scraped as well as annealed metal
(41.22%) and PLD thin films (35.87%) due to top surface of oxygen dangling bonds
and growing PLD thin films in O2 atmosphere will leads to oxygen terminated thin
films respectively. The hydroxide contamination found to be very high air exposed
pellets (24%) and minimum (4.9%) for (000-1) O-terminated crystal surface. These
shows sintered pellets were more reactive to atmospheric moisture. A constant ra-
tio of hydroxide and water is seen along with the lattice oxygen of ZnO. The more
amount of water seen in zinc metal sample 7% - 10% and very less of ≈ 1% found in
(11-20) crystal, E-beam thin films. The zinc concentration is high (36.44%) for mixed
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terminated crystal surface (10-10), sintered pellet (30.29%), e-beam grown thin films
(30.5%) where sintered pellet losses oxygen while annealing and E-beam to loose oxy-
gen while evaporation of target. The zinc hydroxide also follows the same trend of
the zinc in ZnO.
The chemical composition of ZnO nanords with respect to different angle of pho-
toemission shown in Table 4.5 is analysed here. In addition to primary elements C, O,
Zn of ZnO gold Au used for catalyst and Al from sapphire substrate were found. On
comparing the atomic percentage with photoemission angle, the maximum value is ob-
tained at angle 0◦ degree for Al (3.97%), C-H (1.1%), O-C=O (1.78%), O-Al (0.99%),
O-Zn (25.55%), O-H (16.11%), H2O (3.89%), Znx(1.62%) were mostly present on sub-
strate. But Zn 2p core levels peaks components, Zn-O (20.29%), Zn(OH)2 (10.26%),
Zn(OH)2.COx (1.18%) reach maximum atomic percentage at angle of 60 degree pho-
toemission were on the surface of nanorod. Then, Au (0.71%), C-O (2.37%) at 30
degree and C-C (25.3%) at 45 degree got maximum atomic percentage were present
all over. The atomic percentage of both oxygen (22.95% - 25.5%) and zinc (19.59%
- 20.29%) for ZnO were almost stable. But C-C carbon concentration varies about
10% between 14.58% to 25.3%. The hydroxide having variation of 4% both in O 1s
(16.11% - 12.37% and in Zn 2p (10.26% - 6%). The carbon monoxide and water were
with 2% and all other aluminium, aluminium oxide, hydrocarbon, carbon trioxide,
zinc hydro carbonate were with 1%.
4.4.4.1 Contaminations
The major contaminants on ZnO surface were carbon, hydrogen and their compounds.
On exposure of any surface to atmosphere will adsorb the carbon, which applies for
ZnO surface too. The hydroxides, water were mainly adsorbed form atmosphere and
as well as inside UHV chamber as ZnO is reactive surface [37]. The contamination
analysis graph (expect nanorods) for carbon is shown in figure 4.18 and for hydroxide
is shown in figure 4.19. First from figure 4.18 strong contamination of (C-C) carbon is
seen from 60% - 10%. IPA treated Zn metal sheets have the large amount of 58.92%,
and after annealing 200 ◦C of IPA treated sample only reduced to 52.08% of carbon.
So instead of cleaning the metal surface, IPA treatment contaminate the surface. On
other hand, scraped metal got increase in (C-C) carbon from 21.94% 29.78% after
annealing treatment. Among ZnO crystals, (0001)-Zn terminated surface adsorbed
more carbon of 32.62%, next (11-20) - 21.96% later (000-1)-O and (10-10) have less
≈10% only. The thin films only have less amount of carbon(C-C) of 12.84% - 16.25%.
Then irrespective of any processing, ZnO pellets have constant amount of ≈30% (C-
C) carbon. On seeing carbon based oxides (C=O and O-C=O) it ranges from 0 -
7.52%. The metal samples, (0001)-Zn crystal have high level of approx. 4% - 7% and
other all samples only have between approx. 0% - 3%.
On seeing figure 4.19, the high amount of hydroxide contamination is found ≈24%
on air exposed ZnO sintered pellets. Initially, as made pellet have 8% of OH on surface,
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further annealing at 400 ◦C as sintering process OH reduces little to 6.65% but made
surface with more oxygen dangling bonds. Finally, exposure of these sintered pellets
makes adsorption of hydrogen on the dangling oxygen bonds, a sudden increase of OH
to 24%. In zinc metal, IPA treated samples have uniform ≈10%, but scraped sample
have ≈18% and by annealing little reduces to ≈16%. Among crystal samples, from
high to low (0001)-Zn surface - 12.5%, (10-10) - 9.03%, (11-20) - 6.2% and for (000-
1)-O is very less of 4.95%. Again in crystals, Zn-terminated (0001) surface is more
reactive to hydroxide similar to carbon contamination. In thin films, even though
polycrystalline surface E-beam grown films have 10.88% and PLD sample have little
high OH coverage of 13.71%.
The water (H2O/COx) contamination on these ZnO surfaces was mostly below
5%. For metal samples only above 5% is seen. Similar to hydroxide, the scraped
metal piece have high amount of water - 19.07% and by annealing drops to 15.79%.
In crystals (0001)-Zn, (10-10) surface have nearly ≈3.5%, (11-20) has only 1.1% and
no more water detected on (000-1)-O surface. On thin films, PLD grown have high
5.23% and E-beam gown have 1.3%. ZnO pellets have nearly equal to 3% for all
processing.
From Table 4.4 examining hydroxide (Zn(OH)2) bonded with zinc atom from Zn
2p3/2 core level. Zinc hydroxide found in metal sample before annealing is 1.19% to
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3.92% had completely reduced to 0% - 0.2% after annealing. This shows by UHV
annealing, zinc hydroxide cane removed from surface. Then in crystals, high level is
at (10-10) - 7.56%, (0001)Zn and (11-20) surfaces have nearly 5% and (000-1) had
very less 1.87%. E-beam grown thin film has 10% of Zn(OH)2, but PLD grown films
have half of it 4.77%. For ZnO pellets found about 5.6% expect air exposed pellet
was 3.89%. This reduction pellet was due to increase of OH seen O 1s core level peak.
Figure 4.18: Carbon contaminations on ZnO surfaces.
Figure 4.19: Hydroxide and water contamination analysis of ZnO surfaces from O 1s core
level.
4.4.4.2 Stoichiometry (Zn:O)
Pure ZnO is composed of zinc and oxygen atoms in the ratio of 1:1; hence the stoi-
chiometry zinc oxide in atomic percentage will be 50:50 of zinc and oxygen.
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From XPS atomic percentage, the value for oxygen atoms from O 1s peak and
for zinc atoms from Zn 2p peak were then compared to 100% and tabulated in Table
4.6. On seeing the tabulated values, there is no ideal stoichiometry of 50:50 are
found for any of ZnO samples. This is consistent with previous results reported [38]
normally O to Zn ratio is either in 60:40 or other way opposite 40:60, over all with
10% variation. But the values obtained here have mostly the variation 10% between
zinc and oxygen. Initially in ZnO crystals, mostly oxygen is found greater than zinc
in (0001)-Zn, (000-1)-O and (11-20) surfaces, expect (10-10) surface. This is due
to the adsorbed hydroxide in oxygen is reason. Even though the careful peak fit
fails to distinguish the closely associated hydroxide with zinc oxide. This is also
similar to XPS compositional study of polar and non-polar ZnO surface recently
reported [33]. Then very less amount of Zn - 32.22% is found at (000-1)-O terminated
surface. E-beam films have more zinc than oxygen is because during the e-beam
evaporation of ZnO pellets, the oxygen loss is occurred. But in PLD growth process,
during the deposition and in post-deposition annealing of sample were done at oxygen
atmosphere. So presence of oxygen is more than zinc in PLD thin films. The consistent
zinc richness is seen in ZnO pellets irrespective of their processing shows significant
loss of oxygen and surface oxygen got hydroxide too. ZnO nanrods have more oxygen
than zinc and which consistent with different photoemission angles. This is similar
case to the ZnO crystal surfaces. So over all in this study, the stoichiometry of Zn to
O is between (32.22% 74.35%) and (25.64% - 67.78%).
4.5 Conclusion
A complete XPS characterisation of differently prepared ZnO surfaces (zinc metal,
single crystals, powders, thin film and nanorods) has been undertaken. The calibration
and optimisation of binding energy, peak shapes and fitting parameter were obtained
and presented for ZnO surfaces. From zinc metal surface characterisation, transition
of the metallic Zn state to oxidised ZnO state were clearly found in Zn LMM and Zn 2p
peaks. The clear distinction of binding energy difference between Zn, ZnO, Zn(OH)2
and Zn(CO)x were also found for complex and surface sensitive Zn 2p core level peak.
Asymmetric nature of zinc peaks and new surface state peak (Znx) at lower B.E. of all
zinc peaks is obtained. From Angle resolved XPS (ARXPS) study, the photoemission
angle at 30 degrees was found as a suitable angle to collect all surfaces chemical
composition of vertically aligned nanorods. Carbon based contamination were found
high in IPA cleaned metal surface, (0001)-Zn crystal surface, ZnO powders. Hydroxide
based contamination were high on scraped metal surface, (0001)-Zn surface, PLD
grown thin films and ZnO powders. In general, the chemical composition ZnO surface
was estimated as carbon and related - 23%, oxygen - 32%, zinc - 27%, hydroxide -
15%, water - 3%. The stoichiometry of crystals surfaces (0001)-Zn, (10-10), (11-20),
E-beam and nanorods have almost ideal stoichiometry. Oxygen terminated (000-1)
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crystal surface, PLD grown thin film have more oxygen atoms and ZnO powder have
high zinc concentration.
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Chapter 5
XPS and SRPES studies of
thermal cleaning and in-situ
atomic hydrogen cleaning of
ZnO(0001) surface
5.1 Introduction
Cleaning of semiconductor surfaces is a critical step in the fabrication of any opti-
mized reliable semiconductor device. About 30% to 40% of the steps involved in
the semiconductor device fabrication processes are related to surface cleaning of the
semiconductor substrates. This is carried out both in front-end-of-line (FEOL) and
back-end-of-line (BEOL) stages of each process to minimise the contamination and
keep the device yield high [1]. Effective surface cleaning enhances the electrical proper-
ties of semiconductor devices by improving the reliability of both ohmic and Schottky
contacts as well as facilitating subsequent epitaxial growth.
One of the problems encountered during the fabrication process of ZnO devices
is the difficulty in achieving rectifying Schottky contacts. While an ohmic contact
to n-type ZnO is readily achievable, the formation of reliable Schottky contact still
remains a technological challenge [2]. The surface contamination of ZnO by carbon
and hydroxide species has been reported to produce an electron rich ZnO surface which
favours ohmic contact formation [17]. The quality of homo (or) hetero epitaxial layer
growth on ZnO substrate is also found to be improved by the surface cleaning of the
substrate [19]. Many cleaning processes have been reported for the ZnO surface such
as, argon ion sputtering [5], organic solvent cleaning [10], high temperature oxygen
annealing [7], ozone [8] and oxygen and helium plasma cleaning treatments [9]. Ar
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ion sputtering followed by annealing in vacuum as well as in an oxygen atmosphere
have been shown to be effect at removing carbon from the ZnO(0001) surface, but a
residual sub-monolayer coverage of hydroxide remained [9]. High temperature oxygen
annealing at 1100 ◦C has been reported to increase the n-type conductivity on both
(0001)-Zn and (000-1)-O terminated surfaces along with the formation of atomic steps
on the polar surfaces [7]. However, an Ar ion sputtering treatment coupled with high
temperature oxygen annealing led to the desorption of zinc atoms from both the
(0001)-Zn and (000-1)-O surfaces and the segregation of impurities like Ca, K, Al,
Ga with a substantial change in the surface morphology [5]. Organic solvent cleaning
treatments have been shown to reduce the concentration of surface contaminates such
as carbon and hydroxide [10], while ozone cleaning is effective at removing the surface
carbon contamination but not the hydroxide species [9]. In summary, the development
of an effective cleaning strategy for the ZnO surface has proved to be challenging due
to strong bonding of O-H groups.
Ultra high vacuum (UHV) thermal annealing of a semiconductor surface can be
used to remove loosely bonded atoms or molecules from the surface such as water,
hydroxide, and hydrocarbons [10]. After initial surface cleaning by wet chemical
treatments or in-situ ion bombardment, thermal annealing treatments have been suc-
cessfully applied to many semiconductor surfaces [10,11]. This has been achieved pri-
marily for oxide contaminant removal from elemental semiconductors such as Si [12]
and Ge [13] and III-V compound semiconductors [14]. Annealing of a ZnO surface
was previously reported as controlling defects [15], enhancing the electrical conduc-
tivity [16] and creating steps on the surface [17]. Annealing in controlled gaseous
atmospheres was used as the ZnO substrate preparation procedure for subsequent ho-
moepitaxy [18], heteroepitaxy [19] growth and the production of acceptor carriers [20]
in ZnO crystals. High temperature oxygen annealing of ZnO crystals at 700 ◦C was
also investigated as a method of surface cleaning leading to the removal carbon con-
tamination [9]. In this study, we report the UHV annealing of ZnO surfaces at lower
temperatures up to 500 ◦C.
Recently, atomic hydrogen cleaning (AHC) has become an important tool for sur-
face cleaning of III-V semiconductor surfaces [21]. A study of the interaction of atomic
hydrogen with MBE grown GaAs surfaces reported that it was effective at producing
a clean surface with enhanced semiconducting properties [22]. The atomic hydro-
gen treatment of the native oxide covered GaAs substrate at 400 ◦C and a partial
H2 pressure of 10
−7 mbar resulted in the removal of carbon and surface oxides [23].
Another reported study showed that it was possible to remove the surface carbon
contamination by this method at 200 ◦C while surface oxides were decomposed at
40 ◦C [24]. The mechanism of the interactions which occur during AHC resulting in
the removal of the surface oxides has also been suggested [25]. Efficient designs for an
ultra-high vacuum AHC source with either tungsten or tantalum filaments have been
published [26, 27]. As well as finding wide application for III-V semiconductors [27],
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AHC has been applied to other materials including CdTe, GaN and Al2O3 [28–30].
For Al2O3, the surface cleaning temperature was reduced from 1050
◦C to 600 ◦C com-
pared to thermal cleaning with a measured reduction in the root-mean-square surface
roughness [30]. More recently, AHC procedures have been employed as part of the
processing for in-situ GaAs wafer bonding [31], Extreme Ultraviolet (EUV) multilayer
cleaning [32], copper interconnects and in-situ cleaning of ICs [33]. In comparative
studies of hydrogen cleaning with simple thermal cleaning, the benefits of AHC in-
clude lower sample temperatures and reduced surface roughness [34]. Furthermore,
comparing hydrogen plasma cleaning and AHC of Si, it was found that the atomic
hydrogen was effective at cleaning the Si at 500 ◦C while hydrogen plasma cleaning
required a temperature of 700 ◦C [35]. Also, for atomic hydrogen, the time to produce
a clean surface was found to decrease, when the temperature was increased.
Interaction of hydrogen with ZnO polar (Zn O-terminated) and prismatic (mixed
terminated) surfaces has been reviewed by Woll et al [36] and Monakhov et al [37].
Atomic hydrogen was generated either by the conventional flow of H2 gas in the
presence of a hot tungsten filament [24, 26] or by an electron cyclotron resonance
plasma source [23]. In these studies hydrogen was reported to interact with the ZnO
surfaces and enhance the n-type conductivity by creating an electron accumulation
layer at the surface. Recent studies on the interaction of atomic hydrogen with ZnO
surfaces by in-situ ellipsometry [38] and photoemission [39] measurements show that
the reactivity is high on the ZnO(0001)-Zn surface with the formation of zinc hydride,
while it is less reactive on the ZnO(000-1)-O surface where hydroxide is formed. The
reactivity of atomic hydrogen is also found to be sensitive to the termination and the
polarity of the surface. Implementation of AHC on ZnO surfaces could be an effective
single step cleaning process as an industrially viable technique in terms of low cost,
low temperature and in-situ processing.
The present work focuses on a comparative study of UHV annealing and atomic
hydrogen cleaning of the ZnO (0001) surface. For the UHV annealing study the ZnO
surface was characterised by in-situ conventional XPS. The low temperature (up
to 600 ◦C) atomic hydrogen cleaning of the ZnO (0001) zinc terminated surface was
investigated using in-situ synchrotron radiation photoemission (SRPES) spectroscopy.
5.2 Experimental details
5.2.1 For XPS study
A ZnO(0001) Zn-terminated polished crystal of dimensions 1 cm x 1 cm from Crystal
GmbH, Germany was loaded into the vacuum system without any pre-treatment. The
crystal was clamped in a sample holder and UHV annealing was performed through
a resistive heated sample holder. The temperature was measured using a chromel-
alumel thermocouple connected with the sample holder. The ZnO crystal surface was
annealed for 30 minutes at a range of temperatures (100 ◦C, 200 ◦C, 250 ◦C, 300 ◦C,
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350 ◦C, 400 ◦C, 450 ◦C, 500 ◦C, 600 ◦C) and after cool down to room temperature,
XPS spectra were recorded. All XPS spectra were recorded by a VG photoelectron
spectrometer using Al-Kα radiation (1486.6 eV) as the X-ray excitation source at a
pressure of 10−9 mbar. The calibration of binding energy scale was performed with
the C 1s line (285 eV) from the carbon contamination layer. The XPS core levels were
analyzed by using AAanlyser [40] in which a Shirley background is assumed and peak
fitting of experimental curves were defined by mixed singlet combinations of Gaussian
and Lorentzian line shapes.
5.2.2 For SRPES study
A ZnO(0001) Zn-terminated polished crystal of dimensions 0.5 x 0.5 cm from Crystal
GmbH was loaded into the vacuum system without any pre-treatment. The sample
was mounted on the holder by tantalum strips and a chromel-alumnel thermocou-
ple was attached. The sample heating was achieved by e-beam bombardment from
a tungsten filament at the backside of the holder. An Oxford Applied Research R©
thermal gas cracker was used for the production of atomic hydrogen. The gas-cracker
design uses e-beam heating of a tungsten capillary tube to thermally dissociate the
flowing gas. A quasi-equilibrium condition is established as the hydrogen molecules
interact with hot capillary walls. The cracking efficiency is then determined by the
equilibrium thermodynamics of the dissociation of hydrogen molecules into atoms.
For capillary temperatures of 1400 ◦C or more and pressures below 10−8 mbar, the
cracking efficiency is in excess of 95% [41]. The H-cracking was carried out through-
out the experiment at a hydrogen partial pressure of 1 x 10−7 mbar. The working
distance between the H source and the sample was 20 cm. The standard operating
procedure involved exposure of the ZnO surface to atomic H for 30 minutes at a range
of temperatures (300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C) and recording photoemission spectra
at room temperature after each anneal. The synchrotron photoemission experiments
were carried out on the SX700 beamline at the Astrid Synchrotron in the University
of Aarhus in an ultrahigh vacuum (UHV) system (2 x 10−10 mbar). The system was
equipped with a hemispherical (VG-CLAM2) electron energy analyser of fixed 100
mm mean radius which was operated at a pass energy of 30 eV.
Photoemission spectra of the following core levels were acquired at the indicated
photoelectron energies: O 1s (600 eV), Zn 3p (140 eV and 300 eV) and C 1s (390 eV).
The photon energies of 600 eV for O 1s and 140 eV for Zn 3p were chosen so that
the kinetic energies of the photoemitted electrons from the core levels were similar
(i.e for O 1s, the electron kinetic energy is 600 eV − 532 eV = 68 eV and for Zn 3p,
140 eV − 90 eV = 50 eV, where 532 eV and 90 eV are the binding energies of O
1s and Zn 3p core levels, respectively) which ensures that the sampling depths were
comparable. This makes a direct comparison of the intensity ratios meaningful for the
determination of relative elemental composition of the surface. The Fermi level of the
spectrometer was set to zero by measuring the Fermi level position of a reference gold
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sample and the accuracy of the photon energies used in the study were cross checked
by acquiring spectra with second order light. Then Zn 3d core level peak was used as
a binding reference after the surface carbon signal was removed by surface cleaning.
5.3 Results and Discussion
5.3.1 XPS studies of UHV annealing of ZnO (0001)-Zn surface
In this UHV thermal cleaning of ZnO (0001) surface the survey spectra and the core
level spectra of C 1s, O 1s, Zn 2p were recorded for every annealing temperature
including the as received sample. Survey spectra for 300 ◦C and 500 ◦C annealing
temperatures are shown in figure 5.1. The binding energy of the peaks are as follows:
Zn 3d - 9.75 ± 0.25 eV, Zn 3p - 88.65 ± 0.15 eV, Zn 3s - 139.65 ± 0.15 eV, Cl 2p -
199.5 eV, C 1s - 285 ± 0.15 eV, Zn LMM - 476 ± 0.5 eV & 499 ± 0.5 eV, O 1s - 532 ±
0.5 eV, and Zn 2p - 1024.5 ± 0.75 eV. There is a reduction in the carbon signal with
anneal and this results in an increase in the intensity of the ZnO substrate peaks.
Figure 5.1: Survey spectra of UHV annealed ZnO (0001)-Zn surface.
Zinc LMM Auger peaks for these annealing temperatures are shown in figure 5.2.
Annealing at 300 ◦C and above results in the Zn LMM peak moving from 986.91 eV
to 989.27 eV consistent with reports for surfaces with reduced contamination [42,43].
The peak fitted C 1s core level spectra for the same annealing temperatures are
shown in figure 5.3. The primary C-C peak is at 285 eV, while additional higher
binding energy peaks are present (C-O) at 286.7 ± 0.2 eV and O-C=O at 288.5 ±
0.5 eV. Higher temperature anneals to 500 ◦C do not result in any significant change
in the peak profile, but there is a reduction in intensity which will be discussed in
chapter 7.
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Figure 5.2: Zinc Auger peak - Zn LMM spectra for successive annealing temperatures.
Figure 5.3: C 1s core level spectra with peak fitting for as received and following a 500 ◦C
anneal in UHV.
The oxygen peak for ZnO(0001) surface is shown in figure 5.4 and can be curve
fitted with the following component peaks O-Zn - 530 ± 0.1 eV, OH - 531.5 ± 0.3
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eV and H2O - 532.4 ± 0.1 eV. By annealing at higher temperatures (>100 ◦C) the
hydroxide component peak is reduces while the water related peak was completely
removed at 300 ◦C. Overall there is a significant reduction in the surface hydroxide
signal with anneal reflecting the removal of the surface contamination layer.
Figure 5.4: O 1s core level peaks fitted with ZnO, OH, H2O peaks for the as received surface
and following a 500 ◦C anneal.
The chlorine is an electronegative contaminant naturally found on the ZnO sur-
fac [42]. The change in intensity of the Cl 2p core level peak following a 500 ◦C
anneal is shown in figure 5.5. In this chlorine doublet peak, the binding energy Cl 2p
3/2 peak is 199 ± 0.1 eV. Up to an annealing temperature of 300 ◦C there is very
little change in the peak profile, however annealing at 500 ◦C completely removed the
contaminant from the ZnO(0001) surface.
Figure 5.6 shows the Zn 2p core level for UHV annealed ZnO(0001)-Zn surface.
Zn 2p is a surface sensitive peak because of its high binding energy (>1000 eV). The
Zn 2p core level peak profile is curved fitted with a primary ZnO peak, a secondary
hydroxide peak, a Zn surface state peak and an additional contamination of zinc
carbonate. The binding energies are, Znx - 1020.7 ± 0.2 eV, ZnO - 1022 ± 0.1 eV,
Zn(OH)2 - 1023 ± 0.1 eV and ZnCOx - 1024.5 ± 0.5 eV. No significant change in
the chemical species occurs in the annealing cycle, but there is a reduction in the
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Figure 5.5: Cl 2p core level peak on ZnO surface for as received and following a 500 ◦C
anneal.
Zn(OH)2 peak at the 500
◦C anneal.
The XPS chemical composition analysis of the ZnO (0001) surface for UHV an-
nealing at different temperatures is shown in figure 5.7. The XPS atomic percentages
were calculated by dividing the area of peak with the appropriate relative sensitive
factor (RSF) for the particular element. There is a clear trend showing the reduction
in intensity of the surface contaminants of carbon, hydroxide, water and chlorine,
however, there is still substantial surface contamination present following the 500 ◦C
anneal. An alternative approach of atomic hydrogen cleaning of ZnO at similar tem-
peratures was then undertaken.
5.3.2 SRPES studies of atomic hydrogen cleaning of ZnO (0001)-Zn sur-
face
The survey spectra, acquired at a photon energy of 600 eV for the different tempera-
tures during the atomic hydrogen exposure of the ZnO (0001)-Zn surface are shown in
figure 5.8. The photoelectron peaks of Zn 3d (11 eV), Zn 3p (90 eV), Zn 3s (141 eV),
C 1s (286 eV) and O 1s (532 eV) are identified in the spectra and clearly display the
reduction in the surface carbon signal as a function of higher exposure temperature.
The Zn and O related photoemission features become more pronounced as the surface
carbon contamination layer, estimated to be between 1 - 2 nm is effectively removed
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Figure 5.6: Zinc peak - Zn 2p core level for as received and following a 500 ◦C anneal.
Figure 5.7: Chemical composition (atomic %) of ZnO(0001) surface for different UHV an-
nealing temperatures.
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at 600 ◦C. The binding energy difference between the O 1s and Zn 3p for the cleaned
surface is 442.0 eV which is in agreement with the expected value for ZnO [42].
Figure 5.8: ZnO survey spectra of the as received and atomic hydrogen treated surface as a
function of annealing temperature acquired at a photon energy of 600 eV.
For narrow scans of the C 1s, shown in figure 5.9, a photon energy of 390 eV was
chosen in order to enhance the surface sensitivity. The spectra show a trend of the
change in intensity of the C 1s signal as a function of the temperature at which the
atomic hydrogen cleaning was performed. The spectra have been curve fitted with
four component peaks which have binding energies consistent with carbon C-C bonds
(285 eV), carbon monoxide C-O (286 eV), carbon dioxide C=O species (286.2 eV) and
carboxyl species O-C=O (288 eV) [44]. In the as-received condition and following the
300 ◦C atomic hydrogen exposure, the ambient adsorbed C-C and C-O bonds can be
detected. Further oxidation of carbon into C=O and O-C=O is observed at annealing
temperatures of 400 ◦C and 500 ◦C. This is attributed to the dissociation of C-C
bonds and subsequent carbon reacting with oxygen atoms dissociated from water or
hydroxide species adsorbed on the ZnO surface. A significant reduction (40%) in the
carbon contamination only begins to become apparent following hydrogen cleaning at
500 ◦C, while at 600 ◦C the complete removal of carbon contamination, to within the
photoemission detection limit is attained.
The O 1s core level spectrum of the as-received surface shown in figure 5.10(a)
is an extremely weak signal and confirms the contaminated nature of the as-received
surface especially in this very surface sensitive measurement mode with minimized
sampling depth. A small signal for adsorbed water is seen at 534.8 eV binding energy
on the as-received surface and following the 300 ◦C anneal. Following the 400 ◦C
anneal, it is apparent that there are two component peaks in the spectrum which
were curve fitted using (1) an O-Zn bond at 532.4 eV and (2) a hydroxide bond at
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Figure 5.9: C 1s core level spectra of atomic hydrogen cleaning from as received to 600 ◦C.
533.8 eV binding energy. With increasing temperature, the intensity of the oxygen
signal in the ZnO bonding configuration increases as displayed in the O 1s peak area
analysis graph in figure 5.10(b) showing that there is no reduction of the relative
hydroxide component peak intensity. This demonstrates the stability of the hydrox-
ide bonding to the ZnO(0001) surface. However, the extreme surface sensitivity of
these measurements means that the signal associated with the surface hydroxide com-
ponent is accentuated compared with conventional XPS studies. This result is also
consistent with previous reports of the atomic hydrogen cleaning of Si substrates in
which it was effective at the removal of carbon but not at breaking Si-O bonds [35].
It is also in agreement with recent reports which showed that even in remote oxygen
plasma cleaning of ZnO(0001)-Zn and ZnO (000-1)-O surfaces, the removal of H on
O-terminated surface is not completely achieved [9, 45]. The estimation of thickness
of hydroxide component peak on ZnO surface following the 600 ◦C anneal is consid-
erably below 1 atomic layer and may well reflect the recontamination of the cleaned
surface by residual oxygen in the chamber, even at UHV.
The Zn 3p core level (BE = 90 eV) spectra shown in figure 5.11(a) were acquired
at 140 eV and curve fitted with two principle component peaks separated by 1 eV
attributed to ZnO at 88.5 eV and the surface Zn(OH)2 at 89.6 eV consistent with
previous reports in the literature [46] and a small component at lower binding energy
(87.5 eV), attributed to a surface state related feature, becomes apparent following
the 300 ◦C anneal [47]. The increase in the area of Zn 3p peak as a function of
the annealing temperature shown in the figure 5.11(b) confirms the inability of this
surface preparation treatment to desorb the surface hydroxide component despite its
effectiveness at removing the surface carbon contamination. Following the 300 ◦C
atomic hydrogen treatment there is no subsequent change in the Zn 3p to O 1s in-
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Figure 5.10: (a) O 1s core level spetra from the as received surface to the 600 ◦C atomic
hydrogen treated surface and (b) quantitative area analysis graph for O-Zn, hydroxide and
C-O as a function of treatment.
tensity ratio indicating that the removal of surface contamination is not impacting on
the stoichiometry of ZnO.
The ratios of C 1s to Zn 3p and Zn 3p to O 1s peak intensities as a function of
cleaning temperature are shown in figure 5.12. The almost complete removal of C
1s signal following the 600 ◦C anneal is clearly observed. But this surface cleaning
does not substantially impact on the Zn 3p to O 1s ratio which is basically constant
indicating that the hydrogen cleaning is not impacting on the stoichiometry of ZnO.
Figure 5.13 shows a plot of the estimated thickness of the surface carbon contamina-
tion layer which was calculated from the changes in the intensity of the Zn 3p peak
with hydrogen cleaning by considering the inelastic mean free paths given in the NIST
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Figure 5.11: (a) Peak fitted Zn 3p core level spectra as a function of annealing temperature
with prominent ZnO and Zn-OH spectral features and evidence of a surface state component
at lower binding energy and (b) quantitative area analysis for the change in intensity of the
zinc oxide and zinc hydroxide component peaks with increasing treatment temperature.
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database [48].
Figure 5.12: Area ratios of carbon vs zinc and zinc vs oxygen as function of atomic hydrogen
cleaning temperature
Figure 5.13: Area ratios of carbon vs zinc and zinc vs oxygen as function of atomic hydrogen
cleaning temperature
These results differ from a previous atomic hydrogen study using Kelvin probe
measurements [49] and a more recent synchrotron radiation photoemission study on
atomically clean ZnO(10-10), ZnO(000-1) and ZnO(0001) surfaces [39, 50, 51]. They
reported that the atomic hydrogen readily bonded with both the ZnO(10-10) Zn(000-
1) surfaces resulting in a metallic surface as the Fermi level moves into the conduction
band. For the Zn terminated ZnO(0001) surface, the interaction with hydrogen re-
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sulted in a zinc hydride termination. This different behaviour with atomic hydrogen
is attributed to the fact that the exposed surfaces in these studies were atomically
clean rather than covered with an ambient contamination layer. Previously studies of
both oxygen plasma and ozone cleaning treatments of ZnO surfaces reported the pres-
ence of hydroxide after the removal of the surface carbon contamination layer [9,46].
A schematic model of the removal of surface carbon contamination by the atomic
hydrogen induced formation of volatile hydrocarbon species and the formation of a
hydroxide terminated surface is shown in figure 5.14.
Figure 5.14: Schematic diagram of the atomic hydrogen removal of the ZnO surface con-
tamination layer and the formation of a hydrogen terminated surface
The valance band (VB) spectra acquired at a photon energy of 60 eV shown in
figures 5.15 reveal that surface contamination dominates the observed spectral features
prior to the atomic hydrogen treatment. The VB spectrum for the as received sample
shows a carbon related feature at 7 eV B.E. with the emergence of the Zn 3d peak (10-
11 eV) and a distinct Zn 4p - O 2p feature at 4.65 eV appearing following the 300 ◦C
and 400 ◦C atomic hydrogen treatments, respectively. As the surface contamination is
removed with hydrogen cleaning between the 500 ◦C and the 600 ◦C treatments, there
is an increase in the binding energy of the Zn 3d peak, of approximately 0.2 eV. This
peak shift is attributed to the movement of the Fermi level towards the conduction
band reducing the band bending present on the contaminated surface. The spectra
of the 600 ◦C cleaned surfaces indicate that the valence band maximum is at 2.8 eV
from the Fermi level position (0 eV on the x-axis). The valence band spectra for the
400 ◦C and 500 ◦C treatments show clear evidence of occupied states in the bandgap
i.e. above the clean surface valence band maximum and below the Fermi level. The
fact that the core level peak positions do not move by any appreciable extent during
the cleaning process which clearly removes the surface contamination as evidenced by
the attenuation of emission from energy states above the ZnO valence band maximum
illustrates the difficulty in moving the Fermi level position in the bandgap.
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Figure 5.15: Valance band spectra acquired at a photon energy 60 eV for the as-loaded
Zn(0001) surfaced and as a function of atomic hydrogen treatments up to 600 ◦C annealing
temperature.
Figure 5.16: Schematic diagram of the band alignment on the clean ZnO(0001) surface after
atomic hydrogen cleaning
In figure 5.16 a schematic energy band diagram for the cleaned ZnO(0001) surface
is shown. The band gap (Eg) of ZnO is taken as 3.37 eV, the electron affinity as 4.0
eV and the measured work function of the cleaned surface was 4.2 eV. The location
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of the valence band maximum with respect to the Fermi level position indicates that
there is upward banding of 0.53 eV at the cleaned ZnO surface. The changes in
the morphology of the ZnO (0001) surface induced by the hydrogen cleaning was
characterized by atomic force microscopy measurements made in non-contact mode
in air and are shown in figure 5.17. The RMS surface roughness values reduced from
4 nm to 2.1 nm following hydrogen cleaning and confirmed that this treatment does
not increase surface roughness as is the case with argon bombardment treatment.
Figure 5.17: Schematic diagram of the band alignment on the clean ZnO(0001) surface after
atomic hydrogen cleaning
5.4 Conclusions
The XPS study of UHV annealing of the ZnO (0001)-Zn surface up to 500 ◦C, removed
some of the surface contamination, but was not successful in achieving the objective of
producing a clean surface. The photoemission study of the atomic hydrogen cleaning
of the ZnO(0001) Zn-terminated surface from room temperature to 600 ◦C was carried
out to determine the optimum treatment to remove surface contaminants and not
impact on the surface stoichiometry. At 600 ◦C, the surface carbon contamination is
removed, however, there is a residual hydroxide termination of the surface. This may
well be as a result of recontamination of the cleaned surface even in UHV due to the
high reactivity of this surface, Valence band spectra show that the cleaning process
results in the removal of defect states degenerate with the ZnO bandgap however, this
does not result in any substantial movement in the Fermi level position which resides
0.53 eV from the conduction band minimum.
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Chapter 6
XPS and SRPES studies of effect of
ex-situ organic solvent cleaning of
ZnO polar and non-polar surfaces
6.1 Introduction
Wet chemical surface cleaning procedures for semiconductor wafers are well estab-
lished and widely used in semiconductor device manufacturing. The advantages of
wet chemical surface cleaning are that it is generally cost-effective, applicable to large
scale and large area wafers, availability of wide range of highly pure chemicals and
the selective removal of particular contaminants etc. Wet chemical cleaning is used
in the industry to remove organic contaminants, ionic contaminants, native oxides,
particles and metals from semiconductor surfaces [1]. One of the mostly widely used
wet chemical cleaning process for surface cleaning of silicon was developed by Ra-
dio Corporation of America (RCA) in 1965 [2]. This RCA cleaning process is still
employed as a basic silicon wafer cleaning method in research laboratories and IC
manufacturing industries. Later, a modified RCA and an IMEC wet chemical clean-
ing process were developed for silicon wafers [3]. For III-V semiconductors, several
wet chemical cleaning methods have been developed [4] and successfully employed in
the device manufacturing process [5].
As previously mentioned in chapter 5, the surface cleaning of ZnO substrates is
essential to explore the intrinsic optical and electrical properties of pure ZnO surfaces.
It is also critical to making reliable Schottky contacts and preparing the surface for
the growth of as well as heterostructures for the fabrication of optoelectronic devices.
The different types of surface cleaning methods applied for ZnO surfaces were already
discussed in chapter 5. For ZnO surface cleaning, several different wet chemical clean-
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ing processes were employed with range of different chemicals. Earlier studies of ZnO
surface cleaning investigated the use of phosphoric acid, hydrochloric acid and deion-
ized water [6]. Then for making intimate metal contacts on ZnO, trichloroethylene,
acetone and methanol were used as cleaning solvents [7–9]. In addition, deposited
thin films [10] and metals [11,12] deposited on ZnO [13] cleaned by acetone, dimethyl
sulfoxide (DMSO) and toluene have been reported. Further wet chemical cleaning
solvents like, trichloroethylene, methanol, alcohol, isopropyl alcohol, tetra methyl
ammonium hydroxide(TAMH), dilute HCl, were used for surface cleaning of differ-
ent crystallographic surfaces of ZnO prior to the metal deposition for both ohmic
and Schottky contact studies [14–18]. ZnO surfaces have also been cleaned by NH4-
buffered HF (BHF) and ethanol for expitaxial growth of homo-structures [19].
The most commonly used chemicals for ex-situ surface cleaning of ZnO single
crystals are, acetone, DMSO(dimethyl sulfoxide) and toluene were chosen for these
XPS studies. Acetone will remove the carbon contamination and fluid layers from
the surface [10]. The DMSO and toluene remove both polar and non-polar organic
contaminants [10]. The aim of the present study is twofold. Firstly, to investigate
the effect of surface cleaning by these organic solvents acetone, DMSO and toluene
on three different single crystal ZnO surfaces, the polar Zn(0001) and O(000-1) and
non-polar (10-10) surfaces and identifying the best one for each surface as measured
by x-ray photoelectron spectroscopy. Secondly, examine the effect of ethanol surface
cleaning on all four ZnO surfaces: (0001), (000-1), (10-10) and (11-20) as determined
by synchrotron radiation photoemission spectroscopy (SRPES).
6.2 Experimental
Polished ZnO single crystal polar Zn(0001), O(000-1) terminated surfaces and non-
polar (10-10), (11-20) mixed terminated surfaces were purchased from Crystal GmbH,
Germany. For XPS studies 1.0 x 1.0 x 0.5 cm size of the crystals was used. Three
organic solvents acetone (99.5%), dimethyl sulfoxide (DMSO) (99.99%) and toluene
(99.5%) were used for wet chemical surface cleaning of ZnO crystals. Samples were
ultrasonically cleaned in each solvent about 10 minutes and dried by flowing N2 gas.
They were then immediately loaded into the UHV preparation chamber through a
load lock and pumped down to 10−6 mbar and kept in this vacuum for 3 hours prior
to being transfered into the analysis chamber (1.0 x 10−9 mbar). XPS spectra were
recorded for each separate cleaning in each solvents and following exposure to air for
one week to record the recontamination. Finally the spectra were acquired for re-
contaminated crystals which were cleaned in all solvents. The detailed experimental
procedure for wet chemical cleaning was explained in chapter 3. XPS characterisation
was done using a VG photoelectron spectrometer with Mg-Kα (1253.6 eV) radiation
at a pressure of 10−9 mbar. The calibration of binding energy scale was performed
with the C 1s line (285 eV) from the carbon contamination layer. XPS peak fitting
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were done by AAanlyser [20] and XPS atomic percentage were calculated using the
relative sensitive factors (RSF) from the XPS Handbook [21].
For synchrotron photoemission studies, 5 x 5 x 0.5 mm ZnO crystals were used
and ethanol was used as the cleaning solvent. The samples were cleaned by ethanol
solution for 6 minutes in an ultrasonic bath before being dried by flowing gas. The
samples were then placed into the load lock and pumped down to a pressure of 2 x
10−5 mbar. After 5 hours, the samples were transferred to the analysis chamber which
has a base pressure of 4 x 10−9 mbar. These photoemission experiments were carried
out on the SX700 beamline at Institute for Storage Ring (ISA) in the University
of Aarhus, Denmark in an UHV system (2 x 10−10 mbar) with a typical photon
flux of 1 x 1010 photons per second. The system was equipped with hemispherical
(VG-CLAM2) electron energy analyser which was operated at pass energy of 30 eV.
Photoemission spectra of the following core levels were acquired at the indicated
photoelectron energies: Survey and O 1s (600 eV), valence band Zn 3d (60 eV) and
C 1s (390 eV).
6.3 Results and Discussion
6.3.1 XPS studies surface cleaning by acetone, DMSO, and toluene
Three different ZnO surfaces (0001)-Zn, (000-1)-O and (10-10) were used for this XPS
wet chemical cleaning study.
6.3.1.1 Zn-terminated (0001) surface
For the Zn-terminated surface, narrow scan spectra for core levels of C 1s, O 1s
and Zn 2p were recorded for as received, acetone cleaning, DMSO cleaning, toluene
cleaning, exposed to air and cleaning in all solvents continuously are systematically
shown in figure 6.1. The spectra shown in figure 6.1 were peak fitted based on the
optimised binding energy values and FWHM obtained from previous XPS study of
ZnO crystals in chapter 4. The C 1s core level was fitted with four synthetic peaks
at binding energies C-C (285 eV), C-O (286.35 ± 0. 15 eV), O-C=O (288 ± 0.10
eV), C-H (283.5 ± 0.35 eV). In all cases carbon peaks the variation of binding energy
is within 0.25 eV, expect the C-H peak which has 0.73 eV a high variation due to
recontamination. For the O 1s core level, two peaks were fitted for ZnO, OH and an
additional peak is for water was fitted for air exposed and continuous cleaned sample
conditions. For as received and acetone cleaned conditions the binding energy for O-
Zn is at 530.7 eV and OH is at 532.2 eV. After DMSO cleaning, the O-Zn peaks moves
by 0.2 eV, OH peak moves about 0.4 eV to higher binding energy (i.e, O-Zn 530.9
eV, OH 532.6 eV) and afterwards no change in binding energy position was observed
for all other processing. The water peak fitted at 534 eV for the air exposure and
continuous cleaning conditions. The two peaks fitted for Zn 2p3/2 zinc peak, one for
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ZnO 1022.45 ± 0.20 eV and other is Zn(OH)2 1024 ± 0.35 eV. Over all, the hydrogen
bonded peaks C-H, O-H, Zn(OH)2 have shift more in binding energy by increase of
± 0.5 eV than the other peaks. The oxygen peak (O-Zn) and its hydroxide (O-H)
were moved to higher binding energy of 0.2 eV, water moves higher by 1.0 eV, zinc
hydroxide (Zn(OH)2) also move higher by about 0.5 eV. These results show there is a
stronger adsorption of hydroxide on the surface. Note that the zinc peak for (Zn-O)
moves by 0.2 eV to lower binding energy.
Figure 6.1: Peak fitted C 1s, O 1s, Zn 2p core level peaks for ZnO(0001)-Zn surface cleaned
by organic solvents.
The contamination analysis of carbon and hydroxide with water for (0001)-surface
as function of different solvent cleaning were plotted in figure 6.2 and figure 6.3. The
amount of contamination shown in figure 6.2 and figure 6.3 were in atomic % were
calculated using relative sensitive factors (RSF) as in chapter 4. From figure 6.2 the
carbon contamination was in large range from 76.3% - 50.9% and the rest carbon
dioxide, carbon trioxide, hydrocarbons were within 10% only. Upon cleaning by
acetone reduces about 15% of adventitious carbon, but hydrocarbon increases from
2.1% to 14.3%. Then on DMSO treatment increased 6% of the carbon and reduced
the hydrocarbon to 2.7%. The toluene cleaning does not made significant change
expect 1.5% reduction of hydrocarbon. For (0001)-Zn surface after first set of cleaning
exposed to air for a week, show no more growth of carbon contamination because
the surface was fully covered by hydroxide and water (see figure 6.3 for air exposed
condition). Finally after exposed to atmosphere, then cleaned in all three solutions
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continuously shows similar reduction of carbon 8%, with hydrocarbon growth of 3%.
So the acetone only plays a role of reducing the carbon contamination on (0001)
surface greater than all other solvents.
The figure 6.3 shows the total amount of hydroxide and water contamination on
(0001) surface was within 15%. Initial acetone cleaning completely removed the zinc
hydroxide, water and reduced the hydroxide by 0.6%. The DMSO treatment again
contaminated the surface with increase of hydroxide from 4.2% to 8.2% with traces of
zinc hydroxide also. Toluene cleaning only reduces 2% of hydroxide. On exposure of
surface to atmosphere for a week, doubled the amount of hydroxide (6.3% to 12.5%)
and additional contamination of water also seen (3.2%). By continuous cleaning in all
three solvents reduced only 3.3% of hydroxide and 1% of water. This re-contamination
of hydroxide and water was very strong on exposed to atmosphere after initial cleaning
in the solvents. Here toluene only reduce hydroxide based contaminates on (0001)
surface.
Figure 6.2: Carbon contamination analysis on ZnO(0001) surface for solvent treatments.
Figure 6.3: Hydroxide contamination analysis on ZnO(0001) surface for solvent treatments.
The stoichiometry analysis of Zn and O on the Zn(0001) surface was shown in
figure 6.4. The surface mostly seems oxygen rich (90% 60%), initially zinc ratio was
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very less (9%) and after final continues clean an more expected amount of 40% zinc
is seen. This result implies the (0001) surface is mostly covered with oxygen atoms,
contaminations and due to high amount hydroxide on surface the oxygen ratio was
very high. The (0001)-Zn surface have special property of (1 x 1) oxygen coverage
on surface were also recently reported [22] is also agreeable as ratio of oxygen is high
here. This is also consistent with higher binding energy shift of oxygen and hydroxides
peaks. Over all, poor stoichiometry is seen on this (0001)-Zn surface.
Figure 6.4: Stoichiometry analysis of ZnO(0001) surface as effect of solvent treatments.
6.3.1.2 O-terminated (000-1) surface
The survey spectra obtained for ZnO(000-1)-O surface also have usual three elements
zinc, oxygen and carbon. The core level of C 1s, O 1s, Zn 2p peaks for (000-1) surface
with respect to different solvent cleanings, air exposure and re-cleaning conditions
are shown in figure 6.5. Similar to ZnO(0001) surface the binding energy positions
and FWHM for peak fitting were obtained from chapter 4. The carbon spectrum was
widened with increase in number of compound is seen. Hence C 1s core level is peak
fitted with usual four peaks, C-H (283 ± 0.4 eV), C-C (285 eV), C=O (286.6 ± 0.2
eV), O-C=O (288.2 ± 0.3 eV) and an additional unknown carbon peak Cx (281.1
± 0.5 eV). The variation of binding energy for C-H, C=O, O-C=O is between 0.2
- 0.4 eV and the Cx peak have high variation of 1.0 eV is a loosely bonded carbon
on surface. The oxygen O 1s core level peak was fitted with three peaks (1) O-Zn
at (530.5 eV - 531 eV), (2) OH at (532 eV - 532.5 eV), (3) water peak is at (533
eV - 534.3 eV) so the variation of binding energy for oxygen peak is about 0.5 eV
expect the water peak variation is at 1 eV. The Zn 2p zinc peaks were also split into
three peak as Znx (1020.6 ± 0.6 eV), ZnO (1022.4 ± 0.15 eV) and Zn(OH)2 (1023.8
± 0.25 eV). Similar to oxygen peaks, the zinc peaks binding energy variation was
within 0.5 eV expect the Znx which have 1.0 eV B.E variation. From the binding
energy analysis, the carbon and water peak movement were shows there is wide range
of contaminations making different bonding on surface. The 0.5 eV higher binding
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energy movement of oxygen and zinc peak is purely due to the hydroxide formation
while the solvent cleaning and after.
Figure 6.5: Peak fitted for C 1s, O 1s, Zn 2p core level peaks for ZnO(000-1)-O surface
cleaned by organic solvents.
Analysis of carbon and hydroxide on ZnO (000-1) surface with respect to differ-
ent organic solvents cleaning, re-contamination and complete cleaning were shown
in figure 6.6 and figure 6.7 respectively. From figure 6.6, the amount of total car-
bon contamination varies between 71.2% to 32.7%. The acetone treatment does not
affect the (C-C) primary carbon (50%) on this (000-1) surface. Further 10% of car-
bon contamination was increased by DSMO ultra sonication. The toluene treatment
hugely reduced the (C-C) primary carbon from 60% to 22%, but with little increase
of other compounds C-H (4.3%), CO (8%), Cx (2.6%). On air exposure of surface
leads to recontamination of (C-C) carbon from 22% to 25% and 3% reduction of C-O
is seen. As a final step of continuous cleaning in all solvents brought down the pri-
mary (C-C) carbon to 18%, with approx. increase of 2% loosely bonded hydrocarbon
(CH) and unknown carbon (Cx). So the toluene only plays a role removing carbon
contamination on (0001)-O surface.
From figure 6.7 the total hydroxide on (000-1) surface before and after solvent
cleaning is between 19.7% to 7.4%. Initial cleaning by acetone completely removes
the water on (000-1)-O surface as similarly happened in (0001)-Zn surface, but only
small reduction 1% of hydroxide is seen. By DMSO treatment the re-contamination
of water and 1% increase in both hydroxide (6.7% to 7.7%) as well as zinc hydroxide
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(0.7% to 1.8%) were seen. On cleaning with Toluene leads to increase of all con-
taminations hydroxide (11%), water (2.7%) and zinc hydroxide remains same (1.7%).
Later exposure to atmosphere re-contaminated the surface by approx. 2% increase
of water and zinc hydroxide with no change in hydroxide. In final continuous clean-
ing in all solvents further increased the zinc hydroxide contamination from 4.6% to
7%, reduced the water about 1% and no change on hydroxide. On over all, no more
solvent seems to be useful in removing or reducing total hydroxide contaminates on
(000-1)-O surface, expect acetone particularly removes the water on the surface.
Figure 6.6: Carbon contamination analysis on (000-1) surface for solvent treatments.
Figure 6.7: Hydroxide and water contamination analysis on (000-1) surface for solvent
treatments.
The comparison of oxygen to zinc as stoichiometry analysis for (000-1) surface is
shown figure 6.8. The variation of oxygen is 30% to 70%; zinc is 24% to 70% and
mostly surface seems oxygen rich. Naturally the top surface termination is oxygen
only, so the ratio of oxygen is higher than zinc. In as received and acetone cleaned
condition the presence of zinc was very less of approx. 30%. The high amount of zinc
was found at DMSO cleaned condition of 70% is unclear. ZnOs usual stoichiometry
of 60% oxygen and 40% zinc was attained in Toluene cleaned condition. On air
exposure, continuous cleaned conditions a good and ideal stoichiometry of 49% 50%
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both oxygen and zinc is obtained.
Figure 6.8: Stoichiometry analysis of ZnO (000-1) surface for solvent treatments.
6.3.1.3 Zn and Oterminated (10-10) surface
Similar to the (0001)-Zn and (000-1)-O surface the survey spectra obtained for (10-
10) surface also shows the peaks for three elements of carbon, oxygen, and zinc. The
narrow scans of core levels C 1s, O 1s and Zn 2p and with their peak fitting for
different organic solvent cleaning were shown in figure 6.9. The wide carbon spectra
was obtained for all cleaning conditions were fitted with five peaks with binding
energies, Cx 281.4 ± 0.22 eV, C-H - 283 ± 0.2 eV, C-C - 285 eV, C=O - 286.7 ± 0.25
eV, O-C=O - 288.3 ± 0.5 eV. Mostly carbon peaks have binding energy variation of
0.4 eV and the tail peak O-C=O only has 1.0 eV. Oxygen O 1s core level have usual
three peak fits with binding energies, O-Zn - 530.7 ± 0.2 eV, OH - 532 ± 0.2 eV, H2O
- 533 ± 0.2 eV. But in as received condition, all oxygen peaks were found 0.5 eV lower
than standard values, O-Zn (530.04 eV), OH (531.45 eV), H2O (532.45 eV). Similarly
in Zn 2p core level also in as received condition the peaks moved 0.45 eV to lower
binding energy, ZnO (1021.76 eV), Zn(OH)2 (1023.03 eV) and Znx (1020.17 eV). For
all organic solvent cleaning and air exposure conditions, binding energy position for
zinc peaks were found at O-Zn - 1022.3 ± 0.15 eV, Zn(OH)2 - 1023.6 ± 0.15 eV and
Znx - 1020.6 ± 0.2 eV. As like in (000-1) surface due to hydroxide on surface both zinc
and oxygen peaks move approx. 0.5 eV higher binding energy form the as received
binding energy position.
The effect of different organic solvents in removal of carbon and hydroxide con-
taminations on (10-10) surface was shown separately in figure 6.10 and figure 6.11.
Initially on referring 6.10, the range of total carbon contamination is from 56.4%
to 26.1%. Ultrasonic cleaning in acetone increased C-C carbon contamination from
38% to 40% and C-H was reduced by 2%. Suddenly high amount of C-C carbon
was removed by DMSO cleaning (40% - 16%) and C-O carbon by 2%. Again re-
contamination was happened by toluene cleaning, C-C reduced carbon got increased
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Figure 6.9: Peak fitted C 1s, O 1s, Zn 2p core level peaks for ZnO(10-10) surface cleaned
by organic solvents.
from 16% to 44% and C-O also increased 3.4% to 6.7%. On exposing the (10-10)
surface to ambient condition surprisingly reduced the carbon contaminations, C-C to
28%. Then on continuous cleaning all three solvents, reduced all carbon contamina-
tions, C-C - 26%, C-O - 3.9%, O-C=O - 1.4%. On overall for (10-10) surface, DMSO
only reduced large amount of carbon contamination.
The figure 6.11 meant for hydroxide and water contaminations on (10-10) surface
show the total OH based contamination ranges from 17.9% to 10.2%. Initial acetone
surface cleaning 1% of water only reduced, but no more change in other contamination
is seen. By DMSO cleaning contaminations increased about 1% of OH, H2O and 2%
of Zn(OH)2. High re-contamination happened in toluene treatment, increase of OH
from 6.8% to 12.7%, H2O (3.3% to 4.1%), but Zn(OH)2 got reduced from 3.7% to
1.1%. Similar to carbon here also in air exposed condition, Hydroxide is reduced
to 8.7% and zinc hydroxide increases to 2.5%. Further continuous cleaning in all
solvents removed only small amount of hydroxide, water and further increased the
amount of zinc hydroxide. On over all, no more solvent seems significantly cleaning
hydroxide based contamination, especially toluene re-contaminate the (10-10) surface
more instead of cleaning.
As seen in (0001)-Zn and (000-1)-O surface, here also the (10-10) surface have
more amount of oxygen than zinc is seen in stoichiometry analysis (see figure 6.12).
In as received condition, the ratio of zinc is only 10%, oxygen is 90%. Then cleaning
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Figure 6.10: Amount of carbon contamination on (10-10) surface with solvent treatments.
Figure 6.11: Amount of hydroxide and water on (10-10) surface with solvent treatments.
by acetone zinc ratio improves to 35%, on DMSO cleaning zinc ratio reaches 43%,
in toluene cleaning as contamination were high zinc ration falls to 32.5%. The usual
ZnO ratio of Zn - 38.6% and O 61% was attained at air exposed condition. The ideal
stoichiometry of Zn - 49% and O - 51% is seen at continuous cleaning in all solvents.
Figure 6.12: Stoichiometry of (10-10) surface after cleaning in different solvents treatments.
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6.3.1.4 Comparison of three surfaces
This study showed that the organic solvent cleaning of the (0001)-Zn is less effective
than either the (000-1)-O surface and the (10-10)Zn and O surfaces. The surface
carbon contamination cannot effectively be removed by the combined cleaning process
from the (0001)-Zn surface. There is no particular organic solvent that is effective in
cleaning contamination on all surfaces. The model of hydroxide on three surfaces is
shown in figure 6.13. On all three surfaces, amount of hydroxide is much high than
in as received condition.
Figure 6.13: Hydroxide and water contamination model of three ZnO surfaces.
6.3.2 SRPES studies of surface cleaning of ZnO polar and non-polar sur-
faces by ethanol
In this study, both polar (0001)-Zn, (000-1)-O and non-polar (10-10), (11-20) ZnO sur-
faces were used to explore the effect of surface cleaning by ethanol. Initially the ZnO
(00001) zinc terminated surfaces taken for feasibility study of ethanol surface clean-
ing. Photoemission spectra were recorded for as received condition and the ethanol
cleaned condition. By using different photoemission energies the survey spectra (600
eV), core levels of C 1s (390 eV), O 1s (600 eV), and valence band spectra with Zn
3d (60 eV) were acquired and shown in figure 6.14. From the survey spectra for the
as received and ethanol cleaned surface shown in figure 6.14, the following peaks were
identified with the binding energies Zn 3d 12 eV, Zn 3p 91 eV, C 1s 287 eV, O
1s 534 eV. The dominant carbon peak seen in the as received sample is significantly
reduced after ethanol cleaning with oxygen and zinc peaks becoming more prominent.
The C 1s narrow scan spectra, acquired at photon energy of 400 eV, shown in
figure 6.14(b) illustrates the reduction in the intensity of the peak following ethanol
cleaning. Curve fitting the C 1s spectrum after ethanol treatment required the fitting
of additional Carbon peaks of C-O (288.15 eV) and O-C=O (290.35 eV). While the
intensity of the O 1s core level shown in figure 6.14(c) prior to cleaning is difficult
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Figure 6.14: photoemission spectra before and after ethanol cleaning of ZnO(0001) surface:
(a) survey spectra, (b) carbon C 1s, (c) oxygen O1s, (d) Valence band and Zn 3d.
to curve fitted with any degree of confidence due to its indistinct nature, following
cleaning, it can be fit with a ZnO and hydroxide component peaks. For the valence
band spectra, acquired at photon energy of 60 eV, shown in figure 6.14(d) as the
surface cleaning results in the observation of the Zn 3d peak (12 eV). Therefore,
while ethanol cleaning is not effective at completely removing the surface carbon
contamination from the Zn terminated surface, the intensity of the Zn and O signals
is significantly improved to allow curve fitting with a high degree of confidence.
The ethanol cleaning was also performed on the other three ZnO surface: (000-1),
(10-10) and (11-20) with same procedure of 10 minutes ultra sonication in ethanol
and dried in a flowing gas. Photoemission scans recorded for survey, C 1s, O 1s and
valence band with same photoemission energies used for (0001) surface are shown in
figure 6.15.
After ethanol cleaning the highest residual carbon contamination was found on (11-
20) surface, with the other three surfaces, (0001) and (000-1) (10-10) displaying similar
levels of carbon (see figure 6.16). Consistent peak fitting of the individual carbon
components following cleaning shows the presence of carbon (C-C), carbon dioxide
(C=O) and carbon trioxide (O-C=O) peaks. The normalised by number of scans and
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Figure 6.15: A comparative survey spectra for four different ZnO surfaces treated with
ethanol solvent.
curve fitted O 1s spectra for all four ZnO surfaces are shown in figure 6.17. Along
with a ZnO peak at 533.25 eV, a hydroxide component peak is observed at 534.93 eV
B.E.. While there are variations in the relative intensities of these component peaks,
it is difficult to attribute a definitive explanation given that the surfaces were exposed
to air after the organic cleaning treatment.
Figure 6.16: Carbon C 1s core level spectra comparison and peak fitting for ethanol cleaned
different ZnO surfaces.
So here we use specific way of comparing area of core level peak areas. For hydrox-
ide estimation, we compare the peak areas of O-H to O-Zn in oxygen O 1s core level.
This is named the OH factor. Similarly for carbon contamination the peak areas of
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Figure 6.17: Oxygen O 1s core level as impact of ethanol cleaning of ZnO surfaces.
C-C peak in carbon C 1s core level to Zn 3d peak in valence band, named the CZ
factor. For this ethanol cleaning of ZnO surfaces, the OH factor and CZ factor values
were plotted in Figure 6.18. For the estimation of carbon contamination on ZnO
surfaces, the CZ factor measurements were better than simply measuring the carbon
peak intensity. From figure 6.18 the carbon contamination seems almost uniform on
all surfaces with small variations. The more carbon is on (0001) surface and very
less is seen in (000-1) surface. But the OH contamination has huge variations, on the
(000-1) and (11-20) surfaces the hydroxide is equal to zinc oxide (OH factor is 1).
More than zinc oxide was found on (10-10) surface and on (0001) surface the hydrox-
ide nearly half to zinc oxide (OH factor is 0.5). So in overall, (10-10) surface have
both carbon and hydroxide high amount. The (0001) surface has both less amounts
of carbon and hydroxide contaminations. By ethanol cleaning hydroxide were seems
high than carbon contaminations.
The valence band spectra of Zn 3d were recorded at the photoemission energy of
60 eV is shown in figure 6.19. The valence band maximum (VBM) were measured by
extrapolating a line from the lower end of peak. The VBM values of all four surfaces
were as follows: (0001) - 3.16 eV, (000-1) - 2.91 eV, (10-10) - 2.90 eV and (11-20)
- 2.83 eV. The work function measurements were also found (see table 6.1) to be
uniform for all three surfaces about 4.0 ± 0.3 eV expect the (11-20) surface which has
a value of 4.65 eV due to the surface dipole moment between Zn and O atoms. As
we seen already (chapter 1), the work function of ZnO was variable in range of 4 eV
to 4.5 eV. So the high value obtained for (11-20) surface was acceptable and similar
value also reported [23].The band bending (EBB) was calculated by using valence band
maximumm (EV BM) values obtained from valence band spectra and the energy band
gap of ZnO is well known, Then EBB = Eg - EV BM The (0001) surface got the flat
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Figure 6.18: Ratio of peaks, OH factor and CZ factor for four ZnO surfaces after ethanol
cleaning.
band after ethanol cleaning. But on all other surfaces got the upward band bending
were shown in Figure 6.20. The band bending values are for (000-1) - 0.46 eV, (10-10)
- 0.47 eV and (11-20) - 0.54 eV close agreement with previous reports [24]. Along
with partial contamination of carbon and hydroxide on ZnO surface, obtaining the
upward band bending after ethanol cleaning is the significant result.
Figure 6.19: Valence band spectra for four different ZnO surfaces after ethanol cleaning.
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Table 6.1: Work function measured after ethanol cleaning of ZnO surfaces.
ZnO Surface Work Function
(000-1) 4.04 eV
(0001) 4.07 eV
(10-10) 4.12 eV
(11-20) 4.65 eV
Figure 6.20: Energy level band diagram of ethanol cleaned ZnO (0001), (000-1), (10-10),
(11-20) surfaces.
6.4 Conclusions
XPS study of wet chemical cleaning by acetone, DMSO and toluene shows these or-
ganic solvents differently react with different (0001), (000-1) and (10-10) ZnO surfaces.
Particularly no more solvent is effective in consistent removal of a contamination in
all three ZnO surfaces. Both the decrease in contamination as well as increase in
contamination was seen in all surfaces by treating with these chemicals. Over all,
after cleaning with these three solvents the carbon contamination was reduced and
the hydroxide contamination increased. After cleaning in solvents the exposure of
ZnO surfaces in atmosphere leads to strong re-contamination of hydroxide and wa-
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ter. Synchrotron photoemission studies of ethanol cleaning shows the reduction of the
carbon and hydroxide on four ZnO surfaces in various degrees. By ethanol cleaning
the partial amount of surface contamination were removed and ZnO valence band is
clearly seen. The flat band on (0001) surface due to strong bonding of carbon (as seen
in chapter 5) and upward band bending on (000-1), (10-10), (11-20) surfaces were also
obtained by ethanol cleaning.
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Chapter 7
SRPES and XPS studies of
in-situ surface cleaning of ZnO
surfaces by molecular and atomic
oxygen
7.1 Introduction
Zinc oxide surface reactivity towards the contaminants from ambient atmosphere
is well known. The ex-situ organic solvents cleaning methods have been shown to
be ineffective at removing all surface contamination (see chapter 6) and unable
to avoid recontamination after cleaning. Hence in-situ surface cleaning studies
were undertaken with all the surface processing being performed in an ultra-high
vacuum environment. For a range of compound semiconductors a simple and easy
way to preform surface cleaning is annealing the semiconductor surface to high
temperature in an appropriate gaseous atmosphere. In case of nitride semicon-
ductors, samples have been annealed in an NH3 atmosphere [1] and similarly for
oxide semiconductors, samples have been annealed in an oxygen atmosphere [2].
The oxygen annealing results in the oxygen reacting with surface hydrocarbons
to form volatile gaseous species such as CO and CO2. Another effective way of
cleaning a metal oxide surface is by using atomic oxygen or ozone (O3) which are
more reactive than the molecular oxygen (O2) [3]. Atomic oxygen can be gener-
ated either in an oxygen plasma [4–6] or specially designed atomic gas cracking
source [7]. The use of highly reactive atomic oxygen reduces the annealing tem-
perature required to remove surface contaminants.
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There are several studies reported for annealing of ZnO surfaces in an oxygen
atmosphere for different purposes such as surface cleaning [8], to enhance the
optical property [9], improving crystalline quality with increase in electrical con-
ductivity [10], growing homo-epitaxy [11], changing resistive material to conduc-
tive material [12] and reducing defects [13] . Previous oxygen annealing studies
for surface cleaning of ZnO crystals show a significant reduction of carbon con-
centration on ZnO(000-1) surface observed at 600 ◦C [14] and another study
reports that the maximum removal of carbon contamination on ZnO(000-1) sur-
faces happened in the 600 ◦C - 650 ◦C temperature range [8]. The surface cleaning
of different ZnO (0001), (000-1), and (10-10) surfaces was also performed by Ar+
sputtering (2 kV) followed by oxygen annealed at 775 ◦C - 825 ◦C [15].
Atomic oxygen is widely used for different material science applications such as
surface activation and cleaning for electronic materials, ashing organic materials
in electronics, ashing biological and medical samples, selective etching of compos-
ite materials and plasma deposition of thin films [5]. To restore some art works
without any surface damage atomic oxygen has been employed in museums [16].
This technology was developed by NASA based on their study of atomic oxygen
damage to spacecraft in the upper atmosphere [17]. Atomic oxygen was gener-
ated by oxygen plasma by different methods and used in the growth of ZnO thin
films [18, 19] and surface cleaning of ZnO crystals [8, 20]. UV-ozone plasma was
used for the surface cleaning of ZnO surfaces which removed the carbon contam-
ination and resulted in the formation of rectifying contacts for both platinum
and tungsten [21]. Similarly, Schottky barrier heights for Ag and Au contacts
have been reported to increase after surface cleaning by ozone plasma [22]. The
work function of ZnO based flexible transparent electrodes increase after treat-
ing with UV ozone plasma [23]. A pure O2 plasma was also used for surface
cleaning of ZnO:Ga thin films resulting in an increase in the work function by
removal of contaminations [20]. The wettability change of ZnO nanowire surface
from hydrophobic to super-hydrophilic was reported after treating with an oxy-
gen plasma [24]. A remote oxygen plasma (20% He and 80% O) used for the
surface cleaning of ZnO surfaces was successful at removing all surface carbon
and almost removed all the surface hydroxides [8]. Combined He and O plasma
treatments on ZnO surfaces resulting in a reduction of the green luminescence
by suppression of hydrogenbonded exciton observed by photoluminescence [25].
Radio frequency (20% O and 80% Ar) oxygen plasma treatments also turn ZnO
epitaxial thin films from displaying ohmic behaviour to rectifying for Au and In
contacts [26].
The focus of this study is two folded; first to investigate the effect on the chemical
composition of the different ZnO crystal surfaces resulting from surface cleaning
by molecular oxygen (O2) at a range of temperatures. These experiments were
undertaken using synchrotron radiation based photoemission spectroscopy. Sec-
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ondly, to explore the effect of atomic oxygen (produce by thermal gas cracker) on
the surface chemical composition of ZnO thin films at both room temperature and
high temperature as evaluated by conventional x-ray photoelectron spectroscopy.
7.2 Experimental
7.2.1 Molecular oxygen surface cleaning experiments
Polished ZnO single crystal (5 x 5 x 0.5 mm) polar Zn(0001), O(000-1) termi-
nated surfaces and non-polar (10-10), (11-20) mixed terminated surfaces were
ultrasonically cleaned by ethanol solvent for 6 minutes and then dried by flowing
oxygen gas. The samples were then placed into the load lock and pumped down
to a pressure of 2 x 10 −5 mbar. After 5 hours, the samples were transferred
to the analysis chamber which had a base pressure of 4 x 10−9 mbar. For the
annealing studies, an oxygen partial pressure of 7.5 x 10−7 mbar for 30 minutes
at temperatures ranging from 300 ◦C to 1000 ◦C were undertaken. After an-
nealing, the samples were allowed to cool down to 30 ◦C and then characterised
by photoemission spectroscopy. The photoemission experiments were carried out
on the SX700 beamline at Institute for Storage Ring (ISA) in the University of
Aarhus, Denmark in an UHV system (2 x 10−10 mbar) with a typical photon flux
of 1 x 1010 photons per second. The system was equipped with hemispherical
(VG-CLAM2) electron energy analyser which was operated at pass energy of 30
eV. The photoemission energies were carefully chosen for different core levels to
ensure comparable sampling depths as previously explained in Chapter 5.
7.2.2 Atomic oxygen surface cleaning experiments
ZnO thin films were grown on pre-cleaned silicon substrates by pulsed laser depo-
sition (PLD) as described in Chapter3. The thickness of the deposited films was
determined to be approximately 550 nm. For the atomic oxygen surface cleaning
studies an in-situ Oxford Applied Research R© thermal gas cracker was used. The
gas-cracker design uses e-beam heating of a tungsten capillary tube to thermally
dissociate the flowing gas as explained in Chapter 3. The oxygen cracking was
carried out throughout the experiment at an oxygen partial pressure of 1 x 10−7
mbar. The standard operating procedure involved exposure of the ZnO thin film
surface to atomic oxygen for 30 minutes at a range of temperatures (100 ◦C,
200 ◦C, 30 ◦C, 400 ◦C) and recording XPS spectra at room temperature after
each anneal. All XPS spectra were recorded by a VG photoelectron spectrom-
eter using an Al-Kα radiation (1486.6 eV) source at a pressure of 10−9 mbar
and emitted photoelectrons were analysed by a triple channeltron spectrometer
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(resolution 1.0 eV). The calibration of the binding energy scale was performed
with the C 1s line (285 eV) from the carbon contamination layer.
Both SRPES and XPS spectra were analyzed by using AAanlyser [27] in which
a Shirley background is assumed and peak fitting of experimental curves is per-
formed by a mixed singlet combination of Gaussian and Lorentzian line shapes.
7.3 Results and discussion
7.3.1 SRXPS studies of molecular oxygen thermal cleaning of ZnO
surfaces at high temperatures
To explore the possibility of removing carbon and hydroxide contamination from
both ZnO polar and nonpolar surfaces, high temperature oxygen annealing was
investigated in UHV. Initially, the (0001)-O terminated surface was chosen to
optimise the oxygen annealing temperature ranges from 300 ◦C to 1000 ◦C. Af-
terwards, oxygen annealing was carried out on the ZnO (0001), (10-10), (11-20)
surfaces from 600 ◦C up to 1000 ◦C at an oxygen partial pressure of 7.5 x 10
−7 mbar. The variation of surface chemical composition and electronic structure
of each ZnO surface was characterised by synchrotron radiation photoemission
spectroscopy.
7.3.1.1 (000-1)-O terminated surface
The oxygen terminated surface was chosen for an initial wide range of annealing
temperatures (300 ◦C to 1000 ◦C) because it is a known reactive surface with
more adsorbed hydroxide and water than the other surface terminations. Survey
spectra acquired at a photon energy of 600 eV for different annealing temper-
atures are shown in figure 7.1. The binding energies of the main peaks in the
spectra are Zn 3d - 11.99 eV, Zn 3p - 90.1 eV, Zn 3s - 141.5 eV, C 1s - 286.97 eV,
and O 1s at 533 ± 1.0 eV. The carbon signal is completely attenuated (removed)
for annealing temperatures above 600 ◦C. The 2p core level spectra of chlorine,
a common contaminant in ZnO, shown in figure 7.2 indicate that it has been
removed to below the photoemission detection limit after 600 ◦C oxygen anneal.
The carbon 1s core level spectra (hν = 400 eV) for different oxygen annealing
temperatures is shown in figure 7.3 and again indicates that above the 600 ◦C
oxygen anneal, it has been reduced to below the detection limit. By peak fitting
the carbon peaks (figure 7.3(b)), carbon bonded to oxygen component peaks
were observed. The binding energy difference between the peaks O-C=O to C-C
is 3.5 eV and O=C to C-C is 1.6 eV. The FWHM of all carbon peaks also varies
between 1.45 to 1.5 eV.
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Figure 7.1: Survey spectra of ZnO (000-1) surface for different annealing temperature in O2
atmosphere.
Figure 7.2: Chlorine - C l 2p core level spectra for (000-1) surface annealed in O2 atmosphere.
Oxygen 1s core level spectra (hν = 600 eV) for different oxygen annealing temper-
atures are shown in figure 7.4(a). The curve fitted O 1s spectra (see figure 7.4(b))
for the as received sample and following the 500 ◦C and 1000 ◦C anneals show
that once the initial surface contamination is removed, the relative intensity of the
hydroxide and zinc oxide derived component peaks remains largely unchanged,
displaying the thermal stability of this surface. The residual OH signal following
these anneals is estimated to be below 1 monolayer on the ZnO(000-1) surface.
The binding energy position of the fitted oxygen peaks was ZnO - 532.83 ± 0.2
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Figure 7.3: Carbon - C 1s core level spectra for (000-1) surface (a) comparison of spectra for
different O2 annealing temperatures (b) peak fitted spectra for selective oxygen annealing
temperatures.
eV, OH - 534.57 ± 0.2 eV and water - 535.44± 0.2 eV and FWHM for all peaks
was 2.1 eV.
Figure 7.4: Oxygen O 1s core level spectra for (000-1) surface (a) Comparison of spectra
for different O2 annealing temperatures (b) peak fitted spectra for selective temperatures.
The corresponding zinc 3p core level spectra (hν = 400 eV) for different oxygen
annealing temperatures are shown in figure 7.5(a) and again remain largely un-
changed once the initial surface contamination has been removed. By fitting the
zinc peak (see figure 7.5(b)) three components were identified, a surface state
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peak Znx at 86.4 ± 0.2 eV, zinc oxide peak at 88.5 ± 0.2 eV, zinc hydroxide peak
at 89.6 ± 0.2 eV. These B.E. values were consistent with previous photoemission
spectra for ZnO (see chapter 5). The FWHM of all zinc peaks was 2.4 eV.
Figure 7.5: Zinc - Zn 3p core level spectra for (000-1) surface (a) Comparison of spectra for
different O2 annealing temperatures (b) peak fitted spectra for selective temperatures.
The Zn 3d core level and valence band spectra for the ZnO (000-1) surface for dif-
ferent oxygen annealing temperatures are shown in Figure 7.6(a). Valence band
spectra were acquired at photoemission energy of 60 eV where the photoioniza-
tion cross section of the zinc 3d core level is high [28]. The binding energy position
of the Zn 3d peak as a function of annealing treatment is shown in figure 7.6(b).
The position of the valence band maximum (VBM), determined by a linear ex-
trapolation of the leading edge, is consistent with Zn 3d peak binding energy
variation (see figure 7.6(b)). Up to an annealing temperature of 500 ◦C, there
is a continuous reduction in the binding energies, consistent with the downward
movement of the Fermi level in the ZnO bandgap. This is confirmed by the work
function measurements shown in figure 7.7 which show a corresponding opposite
but equal in magnitude change in value over the same temperature range.
The chemical composition and removal or reduction of contaminations can be
quantified by using the area of the photoemission peaks. The removal of carbon
contamination was measured by the peak area of C 1s core level spectra (see
figure 7.8(a)). The primary (C-C) carbon was significantly reduced from the
initial condition by the 600 ◦C oxygen anneal. Similarly, carbon trioxide (O-
C=O) also reduced up to 600 ◦C, but carbon dioxide (C=O) slightly increased
from 400 ◦C to 600 ◦C which is attributed to surface chemical reactions between
the dissociating C-C bonds and surface oxygen. Finally at 700 ◦C the carbon
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Figure 7.6: Valence band with Zn 3d core level spectra for (000-1) surface (a) Comparison
of spectra for different O2 annealing temperatures (b) Variation of valence band maximum
(VBM) and binding energy of Zn 3d Peak for different annealing temperature in O2 atmo-
sphere.
Figure 7.7: Work function (φ) measurements of ZnO (000-1) surface for different oxygen
annealing temperatures.
signal is reduced below the detection limit of the measurement technique. The
presence of hydroxide on ZnO surface was detected in both O 1s and Zn 3p peaks.
But the photoemission sensitivity of O 1s core level peak is much higher than
the Zn 3p peak and by peak fitting the hydroxide component peak can easily be
distinguished in O 1s core level profiles.
The band diagrams at the different stages of oxygen annealed of the ZnO (000-
1) surface are shown in figure 7.9. In the ZnO bulk, the reported Fermi level
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Figure 7.8: (a) Rate of removal carbon contamination on (000-1) surface with respect to
oxygen annealing temperatures (b) Ratios of zinc to oxygen and hydroxide to zinc oxide for
different annealing temperatures in O2 atmosphere.
position is 3.1 eV above the VBM and work function is 4.0 eV [8, 15, 29]. The
VBM and work function values for different steps in the present experiment (see
figure 7.6 and figure 7.7) are determined with respect to these bulk values. In the
initial condition the ZnO(000-1) surface has upward band bending of 0.38 eV. At
700 ◦C, ZnO(000-1) surface the carbon free surface has an upward band bending
of 0.40 eV. Finally, at an oxygen annealing temperature of 1000 ◦C results in 0.6
eV upward band bending.
Figure 7.9: (Energy level band diagram of ZnO(000-1) surface for initial condition, after
complete removal of carbon contamination at 700 ◦C, final stage of annealing at 1000 ◦C in
oxygen.
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7.3.1.2 (0001)-Zn terminated surface
Based on the previous oxygen annealing study of ZnO (000-1) O-terminated
surface the optimised temperature for cleaning carbon from surface was found to
be between 600 ◦C and 700 ◦C. So for oxygen annealing study of the ZnO(0001)-
Zn terminated surface annealing temperature started at 600 ◦C up to 1000 ◦C.
At the photoemission energy of 600 eV survey spectra were recoded for oxygen
annealing temperatures as shown in figure 7.10. The peak binding energies were,
Zn 3d - 11.99 eV, Zn 3p - 90 ± 0.5 eV, Zn 3s - 141.75 ± 0.25 eV, O 1s - 533.5 ±
0.5 eV, consistent with previous studies. There are trace signals of a residual C
1s component up to 800 ◦C while the Cl 2p core level peak shown in figure 7.11
is completely removed after oxygen annealing at 700 ◦C.
Figure 7.10: Survey spectra for ZnO(0001) Zn surface for oxygen annealing temperatures.
C 1s core level spectra for ZnO (0001) surface for oxygen annealing temperatures
are shown in figure 7.12. On comparing the carbon spectra (see figure 7.12(a))
at different annealing temperatures, the main C-C attributed component peak is
rapidly attenuated after annealing at 600 ◦C. Peak fitting of the carbon spectra
(see figure 7.12(b)) reveal three peaks with binding energies, C-C - 286.4 ± 0.15
eV, C=O - 287.6 ± 0.4 eV and O-C=O - 290.5 ± 0.2 eV and FWHM of all peaks
was between 1.1 eV to 1.54 eV. By further increasing the annealing temperatures
to 1000 ◦C, the C-O bonding interactions are fully attenuated. The removal of
carbon contamination only by 1000 ◦C annealing implies that bonding of carbon
on Zn-terminated ZnO (0001) surface was very stronger.
O1s oxygen core level spectra for ZnO(0001) surface for various oxygen annealing
temperatures are shown in figure 7.13(a). By peak fitting the oxygen core level
spectra (see figure 7.13(b)), two peaks of ZnO at 533 ± 0.25 eV and OH at
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Figure 7.11: Cl 2p spectra of ZnO(0001) surface for oxygen annealing temperatures.
Figure 7.12: (a) Comparison of carbon C 1s core level spectra for ZnO (0001) surface for
different oxygen annealing temperatures and (b) peak fitting for selected oxygen annealing
temperatures.
534 ± 0.25 eV are consistently found and the relative intensity of these peaks is
largely unaffected by the annealing process. The FWHM of all peaks was between
1.85 eV - 2.00 eV. The corresponding Zn 3p core level spectra for different oxygen
annealing temperatures are shown in figure 7.14(a). From the peak fitting spectra
(figure 7.14(b)), the usual three peaks were fitted with binding energy, Znx - 86.5
± 0.3 eV, ZnO - 88.50 ± 0.3 eV and Zn(OH)2 - 89.60 ± 0.25 eV. The Zn(OH)2
hydroxide signal was found to be approximately equal to the oxygen signal from
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the ZnO independent of annealing temperature. The FWHM of all zinc peaks is
2.1 eV
Figure 7.13: (a) Comparative O 1s core level spectra of ZnO (0001) surface different an-
nealing oxygen temperatures and (b) peak fitting of oxygen spectra for selected oxygen
annealing temperatures.
Figure 7.14: (a) Comparative Zn 3p zinc core level spectra for ZnO(0001) surface for different
oxygen temperatures and (b) peak fitting of zinc spectra for selected annealing oxygen
temperatures.
Valence band spectra for ZnO (0001) surface for different annealing temperatures
are shown in figure 7.15(a). A sharp O 2p core level peak is seen. The VBM values
and Zn 3d B.E. plotted for different annealing temperatures (see figure 7.15(b))
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shows the same trend of variation confirming the Fermi level movement. By re-
moving all carbon contaminations by oxygen annealing at 1000 ◦C Zn 3d B.E. and
VBM reached a minimum value. The work function measurements for ZnO(0001)
surface are shown in figure 7.16. The work function value varies from 4.0 eV -
4.61eV, which reflects the corresponding equal but opposite change in the VBM
position over the same temperature range.
Figure 7.15: (a) Valence band spectra for ZnO(0001) surface for different oxygen annealing
temperatures with Zn 3d Core level and (b) variation of VBM and Zn 3d binding energy
with respect to oxygen annealing temperatures.
Figure 7.16: Work function measurements of ZnO (000-1) surface for different oxygen an-
nealing temperatures.
The removal of carbon, the ratio of OH to ZnO, and the ratio of Zn to O on
ZnO(0001) surface for different annealing temperatures in an oxygen atmosphere
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is shown in figure 7.17. Graph for carbon removal (figure 7.17(a)) shows that
oxygen annealing at 600 ◦C significantly reduces the C-C carbon with a small
increase in the C=O and O-C=O bonds as previously observed. The ratio of
OH/ZnO (figure 7.17(b)) is almost uniform for all annealing temperatures show-
ing that hydroxide contamination was very stable on ZnO(0001) surface. The
stoichiometry Zn/O is almost uniform for all annealing temperatures.
Figure 7.17: The effect of annealing ZnO(0001) surface in oxygen atmosphere (a) the removal
of carbon contamination, (b) ratio of hydroxide to zinc oxide in oxygen core level and ratio
of ZnO in Zn 3p core level to ZnO in O 1s core level.
The electronic band alignments of ZnO(0001)-Zn surface deduced from these
measurements for the as received condition and final oxygen anneal at 1000 C
are shown in figure 7.18. The VBM and work function values were obtained from
experiment (refer figure 7.15 and figure 7.16). The band bending is calculated
from the difference between ZnO energy band gap to VBM value. In the initial
condition Fermi level was very close to conduction band with downward band
bending. At 1000 ◦C ZnO (0001) surface became carbon free the Fermi level was
away from conduction band with upward banding of 0.76 eV. So the removal
of carbon contamination on ZnO (0001) surface by oxygen annealing turns the
downward band bending into upward band bending. Carbon on ZnO (0001) sur-
face plays an important role in change in band bending.
7.3.1.3 (10-10)-Zn and O terminated surface
For the ZnO(10-10) surface the oxygen annealing temperature range was chosen
to be 600 ◦C to 900 ◦C. The survey spectra for ZnO(10-10) surface for differ-
ent oxygen annealing temperatures is shown in figure 7.19. For this surface the
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Figure 7.18: Energy level band diagram of ZnO(0001) surface at initial condition and after
annealing at 1000 ◦C in oxygen atmosphere.
600 ◦C oxygen anneal was sufficient to completely attenuate the carbon signal.
The narrow scans for carbon, C 1s core level shown in figure 7.20 for the different
oxygen annealing temperatures were curve fitted with the same three component
peaks as reported above. The peak fitting of carbon spectra with peaks, C-C -
286.45 eV, C=O - 288.04 eV, O-C=O - 290.32 eV and the FWHM of all peaks
was 1.5 eV
Figure 7.19: Survey spectra for ZnO(10-10) surface for various oxygen annealing tempera-
tures .
Narrow scans for the O 1s core level for the different annealing temperatures
displayed in figure 7.21(a) show that once the surface contamination layer is re-
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Figure 7.20: C 1s - Carbon core level spectra for ZnO(10-10) surface for various oxygen
annealing temperatures.
moved, the spectrum profile remains largely unchanged. The curve fitted spectra
in figure 7.21(b) show that annealing removes the H2O related component and
the hydroxide peak is reduced in intensity relative to the ZnO peak between the
700 ◦C and 900 ◦C anneals. The binding energy of peaks was ZnO - 532.8 ±
0.4 eV, OH - 534.45 ± 0.25 eV and H2O - 536.19 eV. The FWHM of peaks for
initial condition is 1.99 eV and for annealing condition is 2.11 eV. The narrow
scans for the Zn 3p core level for different annealing temperatures are shown
in figure 7.22(a). Again, once the surface contamination layer is removed, the
peak profile remains largely unchanged. The curve fitted spectra shown in fig-
ure 7.22(b) display the same peaks as previously observed.
The valence band spectra for the ZnO(10-10) surface for different annealing tem-
peratures are shown in figure 7.23(a). The variation of Zn 3d B.E. and VBM (see
figure 7.23(b)) from initial to 900 ◦C is approximately 0.5 eV which reflects the
Fermi level movement. The work function (φ) of ZnO(10-10) surface for differ-
ent oxygen annealing temperatures is plotted in figure 7.24. The work function
value varies from 4.13 eV - 5.32 eV as the annealing temperature is increased.
The increase in work function to values above 5 eV after the 800 ◦C has been
attributed to the presence of a surface dipole [30] between surface terminated
Zn and O atoms on ZnO(10-10) surface as the Fermi level doesnt move by this
amount in the bandgap.
The graph for change in hydroxide signal for different oxygen annealing tempera-
tures is shown in figure 7.25 in terms of OH/ZnO ratios. Similarly stoichiometry
analysis of Zn and O is plotted as the ratio of Zn/O. There is a decrease in the
OH/ZnO ratio following the 600 ◦C anneal and further gradual decrease with
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Figure 7.21: O 1s - Oxygen core level spectra for ZnO(10-10) surface (a) Comparative
oxygen spectra for various oxygen annealing temperatures and (b) peak fitting of oxygen
spectra for selected oxygen annealing temperatures.
Figure 7.22: Zn 3p - Zinc core level spectra for ZnO(10-10) surface (a) comparative zinc
spectra for various oxygen annealing temperatures and (b) peak fitting of zinc spectra for
selected oxygen annealing temperatures.
increase in annealing temperature. This variation resembles the change in work
function and the VBM values of ZnO(10-10) surface as a reduction in hydroxide
results in an increase in the work function and a decrease in the VBM value.
The electronic structure of ZnO(10-10) surface from initial to different oxygen
annealing conditions is shown in figure 7.26. The work function and VBM values
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Figure 7.23: (a) Valence band spectra for ZnO(10-10) surface for various oxygen annealing
temperatures and (b) Variation of VBM values and Zn 3d B. E. with respect to annealing
temperatures.
Figure 7.24: Work function of ZnO(10-10) surface for different oxygen annealing tempera-
tures.
were obtained from previous graphs (see figure 7.23 and figure 7.24). The band
bending and electron affinity (χ) values were calculated from VBM, work function
and the known ZnO band gap. In the initial condition 0.41 eV of upward band
bending was observed with presence of carbon and hydroxide contamination.
Then following the 600 ◦C oxygen anneal resulting in the complete removal of
carbon upward band bending increased to 0.56 eV. On final annealing at 900 ◦C,
a maximum upward band bending of 0.92 eV is measured and an increase in work
function to 5.32 eV which is attributed to a surface dipole between Zn and O
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Figure 7.25: Ratio of OH/ZnO in O 1s oxygen core level for ZnO(10-10) surface and ratio
of ZnO component in Zn 3p core level to ZnO component in O 1s core level for different
oxygen annealing temperatures.
atoms.
Figure 7.26: Energy level band diagram of ZnO(10-10) surface for surface for initial condi-
tion, after complete removal of carbon contamination, final stage of annealing at 1000 ◦C
in oxygen.
7.3.1.4 (11-20)-Zn and O terminated surface
For the (11-20) surface, selective oxygen annealing temperatures of 600 ◦C, 750 ◦C
and 900 ◦C were chosen based on previous studies of the other ZnO surfaces.
Survey spectra for ZnO (11-20) surface for oxygen annealing temperatures are
shown in figure 7.27. Three zinc peaks with one oxygen and carbon with binding
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energies: Zn 3d - 12 ± 0.05 eV, Zn 3p - 90 ± 0.05 eV, Zn 3s - 14.7 ± 0.3 eV,
C 1s - 286.99 eV and O 1s - 533.95 (initial), 532.99 eV (annealing). Following
the 600 ◦C anneal the carbon signal was completely attenuated with the detailed
curve fitted C 1s signal shown in figure 7.28 with the same peak fitted components
as previously reported.
Figure 7.27: Survey spectra for ZnO(11-20) surface for various oxygen annealing tempera-
tures .
Figure 7.28: C 1s - Carbon core level spectra for ZnO(11-20) surface for various oxygen
annealing temperatures.
The O 1s core level spectra of the ZnO (11-20) surface for different annealing
temperatures are shown in figure 7.29(a) and (b). Following the pattern observed
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on previous surfaces, once the initial contamination layer is removed, the peak
profile can be fitted with ZnO and OH derived component peaks, the relative
intensity of which remains primarily unaltered by annealing temperature. The
binding energy of the peak was ZnO - 533.2 eV, OH - 534.8 eV and H2O - 535.8
eV and FWHM of all peaks is 2.0 eV.
Figure 7.29: O 1s - Oxygen core level spectra for ZnO(11-20) surface (a) comparative oxygen
spectra for various oxygen annealing temperatures and (b) peak fitting of oxygen spectra
for selected oxygen annealing temperatures.
The Zn 3p core level spectra for the ZnO (11-20) surface for different annealing
temperatures are shown in figure 7.30(a). Three peaks were fitted for Zn 3p core
level with binding energies(see figure 7.30(b)), Znx - 86.50 ± 0.25 eV, ZnO -
88.6 ± 0.2 eV and Zn(OH)2 - 89.75 ± 0.25 eV. The FWHM of all zinc peaks is
2.3 eV. The curve fitted spectra for the annealed surface show two component
peaks for ZnO and Zn(OH)2. The Zn3d core level and valence band spectra for
the ZnO (11-20) surface of different oxygen annealing temperatures are shown
in figure 7.31(a) and display a strong O 2p signal after removal of the surface
contamination layer. The variation of Zn 3d binding energy and VBM values
are plotted in figure 7.31(b) essentially show that there is very little Fermi level
movement with annealing cycle.
The change in the work function (φ) values for the ZnO (10-10) surface displayed
in figure 7.32 show that once the initial surface contamination layer is removed,
there is no significant change from the measured value of 4.0 eV. The OH/ZnO
and Zn/O elemental ratios plotted in figure 7.33 show that once the surface
contamination is removed the chemical composition remains unaltered. Similar
to work function, the Zn/O ratios as well as OH/ZnO ratios were high at the
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Figure 7.30: Zn 3p Zinc core level spectra for ZnO(11-20) surface (a) comparative zinc
spectra for various oxygen annealing temperatures and (b) peak fitting of zinc spectra for
selected oxygen annealing temperatures.
Figure 7.31: (a) Valence band spectra for ZnO(11-20) surface for various oxygen annealing
temperatures and (b) Variation of VBM values and Zn 3d B. E. with respect to annealing
temperatures.
initial condition. Then for annealing temperatures the ratio remains constant
and shows no more change resulting from oxygen annealing on the ZnO (11-20)
surface.
Electronic structure of ZnO(10-10) surface before and after oxygen annealing is
shown in figure 7.34. The VBM and work function values were obtained from
previous figures (see figure 7.31 and figure 7.32). In the initial condition the
surface displays a large work function value 4.65 eV and 0.46 eV upward band
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Figure 7.32: Work function of ZnO(11-20) surface for different oxygen annealing tempera-
tures.
Figure 7.33: Ratio of OH/ZnO in O1s oxygen core level for ZnO(11-20) and ratio of ZnO
component in Zn 3p core level to ZnO component in O 1s core level for different oxygen
annealing temperatures.
bending. After removal of carbon from the surface the band bending increased
by 0.1 eV to 0.56 eV while the work function decreased to 4.0 eV. After the
final oxygen anneal at 900 ◦C no subsequent changes are observed. As mentioned
earlier, in initial condition the high work function is due to surface dipole [30]
resulting from the presence of surface contamination. The oxygen annealing of
the ZnO (11-20) surface removes the carbon from the altering the work fucntion,
but doesnt impact significantly on the Fermi level position in the band gap.
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Figure 7.34: Energy level band diagram of ZnO(11-20) surface for surface for initial condi-
tion, after complete removal of carbon contamination, final stage of annealing at 1000 ◦C
in oxygen.
7.3.1.5 Comparative analysis
Binding energy, FWHM and Contamination Analysis: On comparing the
binding energy variation between all four ZnO surfaces for different core levels,
for Zn 3p the variation is no more than 0.1 eV, while for oxygen and carbon the
variation in BE position is between 0.5 - 1.0 eV. This large variations of peak
BE peak are attributed to surface chemical reactions of carbon, carbon bonded
oxides, hydroxide and water. When comparing FWHMs very standard values Zn
3p - 2.3 eV, O 1s - 2.1 eV, C 1s - 1.5 eV were found for ZnO(0001), ZnO(10-10) and
Zn(11-20) surfaces. Only the ZnO(0001) surface has a smaller FWHM value of Zn
3p - 2.1 eV, O 1s - 1.8 eV and C 1s - 1.1 eV. Quantitative analysis of the surface
carbon contamination on the different ZnO surfaces is displayed in figure 7.35.
These carbon thicknesses were calculated using the NIST database [31]. Overall
about 4 A˚ - 5.5 A˚ of carbon was seen on the ZnO surfaces after initial cleaning
by organic solvents.
The amount of hydroxide on the different ZnO surfaces in the initial condition
and after oxygen annealing are plotted in figure 7.36 in terms of OH/ZnO ratio
of oxygen O 1s core level peak. For the ZnO(10-10) surface the highest hydroxide
signal was observed, but this surface also displayed the lowest hydroxide sig-
nal following the oxygen anneal. The ZnO(000-1) and (11-20) surfaces display
similar initial concentrations of hydroxide and the post treatment surfaces also
display similar reduced concentrations to below half the original values. For the
ZnO(0001) surface the initial concentration of hydroxide is significantly lower
than on the other surfaces and the oxygen annealing treatment make almost no
change in this concentration.
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Figure 7.35: Thickness of carbon on different ZnO crystal surfaces prior to vacuum anneal-
ing.
Figure 7.36: Amount of hydroxide on different ZnO surfaces in the initial condition and
following the oxygen annealing treatments.
Band bending in different ZnO surfaces: The band bending values for four
different Zno surfaces were tabulated in table 7.1. In initial (ethanol cleaned)
condition for all ZnO surfaces, upward band bending was observed expect for the
Zn-terminated (0001) surface which displayed downward band bending. After
the complete removal of carbon contamination the (000-1) and (11-20) surfaces
have a small increase (0.02 eV, 0.1 eV, respectively) in upward band bending.
For the Zn-terminated (0001) surface the treatment results in a reversal of the
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band bending from slightly downward to upward band bending of 0.76 eV. At
the high annealing temperature of 1000 ◦C the band bending increased 0.2 eV
for the ZnO (000-1) surface, 0.36 eV for the ZnO (10-10) surface at 900 ◦C and
there was no change observed for the ZnO (11-20) surface.
Table 7.1: Upward band bending values of different ZnO surfaces before and after surface
cleaning by oxygen annealing (*downward band bending).
ZnO surface Sample Condition Band bending (eV)
Initial 0.38
(000-1) 700 ◦C (carbon removed) 0.4
1000 ◦C 0.6
Initial 0.12*
(0001) 1000 ◦C (carbon removed) 0.76
Initial 0.31
(10-10) 700 ◦C (carbon removed) 0.56
900 ◦C 0.92
Initial 0.46
(11-20) 700 ◦C (carbon removed) 0.56
900 ◦C 0.53
Identification of different ZnO surface termination by photoemission: The
surface termination on ZnO crystals is commonly determined by observing the
etching behaviour in a dilute hydrochloric acid solution. For example the (0001)-
Zn terminated surface appears more polished following this etch test while the
(0001)-O termination has an opaque appearance [32]. A non-destructive method
to find a ZnO crystals surface termination is by making X-ray diffraction mea-
surements [33]. Valence band spectra of the cleaned ZnO surfaces acquired in
this study by synchrotron radiation based photoemission measurements show
clear differences depending on the surface termination as shown in figure 7.37.
At the photoemission energy of 60 eV the shape of the valence band spectra
(O 2p peak) is distinctly different for the different surface terminations which is
consistent with previous photoemission studies of different ZnO surfaces [15,34].
7.3.2 XPS studies of atomic oxygen cleaning of ZnO surfaces
This XPS study investigated the effectiveness of atomic oxygen at surface clean-
ing of pulse laser deposited (PLD) grown ZnO thin films. Studies of both room
temperature and elevated temperature exposures to atomic oxygen were under-
taken.
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Figure 7.37: Valence band spectra for the different ZnO crystal surfaces acquired after
annealing in an oxygen atmosphere at 900 ◦C.
7.3.2.1 Atomic oxygen cleaning of the ZnO surface at elevated tempera-
tures
The atomic oxygen cleaning of ZnO thin film surfaces was carried out at annealing
temperature up to 500 ◦C and the survey spectra are shown in figure 7.38. Core
level photoemission and Auger peaks for zinc, oxygen and carbon are observed.
The surface carbon contamination signal was removed for annealing temperatures
above 100 ◦C. The narrow scans of the zinc LMM Auger peak shown in figure 7.39
indicate that the removal of the surface carbon contamination does not impact on
the peak profile which is very sensitive to the surface chemical composition [35].
The carbon core level spectra shown in figure 7.40 indicate that the atomic oxy-
gen treatment is effective at removing the carbon contamination at low tem-
perature. The peak fitting of the carbon peak for the as received surface and
following 100 ◦C atomic oxygen treatment shows the usual carbon bonded oxides
with binding energies: C-C - 285 eV, C=O - 286.6 eV, O-C=O - 289 eV. The
oxygen core level spectra were shown in figure 7.41(a)and(b) indicate that the
higher binding energy hydroxide component peak is significantly attenuated by
the atomic oxygen treatment.
The zinc 2p core level spectra shown in figure 7.42(a) have a BE position of
zinc peak at 1022.7 ± 0.1 eV. The peak fitted spectra (figure 7.42(b)) show
that the hydroxide component is attenuated following atomic oxygen treatment
confirming the results observed in the O 1s core level spectra. The contamination
analysis of the atomic oxygen cleaned ZnO thin film is shown in figure 7.43(a)
and (b).
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Figure 7.38: Survey spectra of PLD grown ZnO thin films for atomic oxygen cleaning at
elevated temperatures.
Figure 7.39: Zn LMM - Zinc Auger spectra for atomic oxygen cleaning of ZnO thin films at
elevated temperatures.
7.3.2.2 Room temperature atomic oxygen cleaning ZnO surface
From a previous study of atomic hydrogen cleaning of GaAs by Kurt. G. Eyink
et al [36], they reported that increasing the exposure time to atomic oxygen
allowed the the cleaning temperature to be reduced. Therefore, the possibility
of removing carbon contamination at room temperature by atomic oxygen was
explored. Survey spectra for room temperature atomic oxygen cleaning of ZnO
thin film are shown in figure 7.44. Only after a 180 minutes exposure to atomic
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Figure 7.40: C 1s - Carbon spectra for atomic oxygen cleaning of ZnO thin films at elevated
temperatures.
Figure 7.41: O 1s - Oxygen spectra for atomic oxygen cleaning of ZnO thin films at elevated
temperatures: (a) comparison of raw oxygen spectra and (b) peak fitted oxygen spectra.
oxygen did the surface carbon contamination signal reduced significantly. The
profile of the Zn LMM Auger peak is shown in figure 7.45 and is same as for the
atomic oxygen treatment at elevated temperature.
The C 1s carbon spectra for the room temperature atomic oxygen cleaning of
ZnO thin films are shown in figure 7.46(a) and (b). A successive reduction of
carbon peak intensity is observed with increased atomic oxygen exposure time,
but it is never reduced below the detection limit.
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Figure 7.42: Zn 2p3/2 spectra for atomic oxygen cleaning of ZnO thin films at elevated
temperatures: (a)) comparison of raw zinc spectra and (b) peak fitted zinc spectra.
Figure 7.43: (a) Area of carbon peak with respect to atomic oxygen cleaning temperatures,
(b) ratio of OH to ZnO in oxygen spectra and ratio of Zn to O for different atomic oxygen
cleaning temperatures.
The O 1s oxygen spectra for room temperature atomic oxygen cleaning of ZnO
thin films are shown in figure 7.47. From initial condition to the final 180 minutes
exposure of atomic oxygen there is no observation impact on the peak profiles
displayed in figure 7.47(a). The peak fitted data shown in figure 7.47(b) also
shows the existence of water and hydroxide peak from initial to final cleaning
stage. The binding energies are ZnO - 531 ± 0.1 eV, OH - 532.5 ± 0.2 eV and
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Figure 7.44: Survey spectra of PLD grown ZnO thin films for atomic oxygen cleaning at
room temperatures.
Figure 7.45: Zn LMM Auger spectra for atomic oxygen cleaning of ZnO thin films at room
temperatures.
H2O - 533.5 ± 0.2 eV and FWHM values vary between 1.5 eV - 1.9 eV. This
indicates that the room temperature atomic oxygen cleaning cannot even remove
the absorbed moisture or water on ZnO surface. The difference from the elevated
temperature study is that a residual water component is apparent in the O 1s
profile. Zn 2p zinc spectra for room temperature atomic oxygen cleaning of ZnO
thin films are shown in figure 7.48(a). The increase in intensity of zinc peak with
increased atomic oxygen exposure is seen in the raw spectra of figure 7.48(a).
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Figure 7.46: C 1s - Carbon spectra for atomic oxygen cleaning of ZnO thin films at room
temperatures (a) Comparison of raw carbon spectra and (b) Peak fitted carbon spectra.
This increase is directly related to the removal of carbon on ZnO surface. As
previously observed, three peaks were fitted (see figure7.48(b)) as follows Znx -
1020.75 ± 0.25 eV, ZnO - 1022.7 ± 0.1 eV and Zn(OH)2 - 1024.2 ± 0.1 eV and
FWHM vary between 1.8 eV - 2.1 eV.
Figure 7.47: O 1s - Oxygen spectra for atomic oxygen cleaning of ZnO thin films at room
temperatures: (a) Comparison of raw oxygen spectra and (b) Peak fitted oxygen spectra
To explore the removal of surface contamination and changes in the surface stoi-
chiometry of the ZnO thin films as a function of atomic oxygen cleaning at room
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Figure 7.48: Zn 2p 3/2 zinc spectra for atomic oxygen cleaning of ZnO thin films at room
temperatures: (a) Comparison of raw zinc spectra and (b) Peak fitted zinc spectra.
temperature, the areas of carbon peak and ratio of OH/ZnO and Zn/O are plot-
ted in figure 7.49(a) and (b). The treatment is effective in removing the carbon
signal without changing the surface stoichiometry by any significant amount.
Figure 7.49: (a) Area of carbon peak with respect to atomic oxygen cleaning with increase
in time, (b) ratio of OH to ZnO in oxygen spectra and ratio of Zn to O for different atomic
oxygen cleaning with increase in time..
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7.4 Conclusions
In SPRES study, similar levels of carbon contamination were detected on all
ZnO surfaces prior to oxygen treatment. Hydroxide contamination was detected
on all surfaces with the (10-10) surface displaying the highest concentration, the
(000-1) and (11-20) surfaces showing less with the least amount observed on the
(0001) surface. The carbon and water surface layers were successfully removed
by molecular oxygen thermal annealing on all the ZnO surfaces at temperatures
between 700 ◦C and 1000 ◦C. The hydroxide contamination could not be removed
completely from any of these surfaces under the annealing conditions studied. The
residual OH is estimated to be below 1 monolayer on all four ZnO surfaces and
its presence may well reflect the re-adsorption of hydroxide groups in the UHV
environment.
In an XPS study of atomic oxygen cleaning at elevated temperatures the surface
carbon contamination was successfully removed from a ZnO thin film surface.
For atomic oxygen cleaning at elevated temperature the carbon contamination
was completely removed at 400 ◦C and water was removel at 100 ◦C. For room
temperature cleaning 180 minutes of exposure atomic oxygen failed to remove all
carbon contamination. The overall finding is that atomic oxygen treatment is ef-
fective at removing surface contamination at a lower temperature than molecular
oxygen.
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Chapter 8
Conclusions
The primary goal of the thesis was surface cleaning of (0001)-Zn, (000-1)-O,
(10-10) and (11-20) ZnO surfaces. The exploration of new surface cleaning meth-
ods for ZnO surfaces and their impact on the electronic properties were studied
in detail. The evaluation of surface cleaning and experimental study of surface
electronic properties were carried out using both XPS and SRPES techniques.
Except for a few wet chemical procedures, the most of surface cleaning methods
investigated in the study were carried out in-situ to avoid recontamination prior
to measurement. The different cleaning characteristics for the different ZnO sur-
faces subjected to the same surface cleaning procedures were also studied. The
key results in terms of the successful removal of carbon contaminants, the chal-
lenges in removing the surface hydroxide and the change in surface band bending
are summarised in this chapter.
8.1 XPS characterisation of ZnO
Prior to start of the surface cleaning studies of the ZnO surfaces, a detailed
XPS study of different types of ZnO samples was performed. Some of the ZnO
samples were directly purchased (ZnO crystals, ZnO powder, zinc metal sheet)
and some were exclusively grown (thin films, nanorods) for this study. From an
initial study of surface oxidised zinc metal foil, unique binding energy positions
for the Zn 2p peak for Zn, ZnO, Zn(OH)2 and ZnCO3 were established along with
the respective O 1s peak binding energy positions. From ZnO crystals, thin films,
powders and nanorods photoelectron spectra obtained for core levels peaks for
carbon, zinc and oxygen displayed similar binding energy positions. Similarly the
FWHMs of the photoemission peaks were almost the same for all ZnO samples
with a variation within 0.3 eV while the carbon peak had a higher variation
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from sample to sample (0.5 eV). A peak classified as an asymmetric peak - Znx
was found in Zn 2p and Zn 3p core level profiles for all ZnO sample at a lower
binding energy position than the bulk peak. From angle resolved XPS (ARXPS)
measurements, the photoemission angle at 30 degrees was found as a suitable
angle to collect all surfaces chemical composition of vertically aligned nanorods.
In all ZnO samples the contamination of carbon, hydroxide and water was found.
The high amount of carbon contaminations were seen on IPA cleaned zinc metal
sheets, (0001)-Zn crystal surface and ZnO powders. High amount of hydroxide
was present on scrapped metal sheets, (0001)-Zn surface, PLD grown thin films
and ZnO powders. Based on XPS analysis of different ZnO samples, the surface
chemical composition of a typical ZnO surface exposed to atmosphere was found
to be as follows: 27% of zinc, 32% of oxygen, 23% of carbon, 15% of hydroxide and
3% of water. In the Zn to O stoichiometry (excluding the contamination) the ideal
stoichiometry (50% Zn and 50% oxygen) was found for the sample: ZnO crystals
surfaces (0001)-Zn, (10-10), (11-20), E-beam thin films and nanorods. Oxygen
rich stoichiometry was found for (000-1) ZnO crystal surface, PLD grown thin
films. Finally, the ZnO powders were found to be richer in zinc than in oxygen.
The optimised binding energy position of photoelectron peaks and their peak
width (FWHM) obtained from this study were used as a reference for analysing
the ZnO photoemission spectra of all other work.
8.2 Ex-situ surface cleaning of ZnO surfaces
For the XPS study the wet chemical cleaning of ZnO crystal surfaces (0001),
(000-1) and (10-10) by organic solvents including acetone, dimethyl sulfoxide
(DMSO) and toluene was systematically studied. Neither separate cleaning in
the individual solvents nor sequential cleaning in all solvents were not success-
ful at completely removing the surface contaminants. A general observation for
these treatments was that the ex-situ organic cleans resulted in only a small
reduction in the carbon contamination signal and a corresponding increase in
hydroxide signal. The cleaned ZnO surfaces were very reactive in nature and ex-
posure of the surface to atmospheric conditions after treating with the solvents
leads to recontaminations. In SRPES study,the ethanol cleaning of all the ZnO
surfaces (0001), (000-1), (10-10) and (11-20) reduced the surface contamination
but in different rates, depending on the surface termination. A similar amount
of carbon was removed from the (0001), (10-10) and (11-20) surfaces with the
cleaning of the (000-1) surface being noticeably more effective. For the (000-1)
and (11-20) surfaces the hydroxide signal were similarly reduced while it was
more effectively removed from the (10-10) surface. From the valence band spec-
tra and work function measurements upward band bending was observed for the
(000-1), (10-10), (11-20) surfaces while a flat band condition was seen for the
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(0001) surface. The overall conclusion is that ex-situ wet chemical cleaning was
not effective or suitable for surface cleaning of ZnO surfaces.
8.3 In-situ surface cleaning of ZnO surfaces
An explorative study of atomic hydrogen cleaning of the ZnO(0001)-Zn termi-
nated surface at a range of temperatures (300 ◦C to 600 ◦C) was undertaken.
At 600 ◦C this treatment was shown to be effective at completely removing the
surface carbon contamination. No difference in the hydroxide signal intensity was
observed indicating that this surface was hydroxide terminated. As the result of
atomic hydrogen cleaning the upward band bending of 0.53 eV is obtained for
(0001) surface.
The high temperature molecular oxygen thermal cleaning of ZnO (0001), (000-
1), (10-10) and (11-20) surfaces was carried out at a range of temperatures from
300 ◦C to 1000 ◦C. The carbon and water contamination were removed from
all ZnO surfaces. The carbon removal annealing temperature was 700 ◦C for all
ZnO surface expect (0001) where it was at 1000 ◦C. The hydroxide signal on all
surfaces was attenuated by this treatment, but remained present again indicating
a hydroxide surface termination was dominant. As the result of molecular oxygen
thermal cleaning more than 0.5 eV of upward band bending is achieved. The
attained band bending values for ZnO surface as follows: (0001) surface - 0.76
eV, (000-1) surface - 0.6 eV, (10-10) surface - 0.92 eV and (11-20) surface - 0.53
eV.
Another explorative study of surface cleaning of ZnO thin film surfaces by atomic
oxygen cleaning at a range of temperatures was undertaken. The carbon and
water contamination were successfully removed at 400 ◦C and 100 ◦C, respectively
for atomic oxygen treatment at higher temperature. At room temperature, only
the carbon contamination signal was reduced below the XPS detection limit.
Hydroxide contamination stays same on the ZnO thin film surface.
Among all surface cleaning methods employed here atomic oxygen cracking at
higher temperature seems to be suitable method for surface cleaning for all ZnO
surfaces. Next the atomic hydorgen cracking at higher temperatures also suitable
to attain a maximum clean ZnO surfaces, while the wet chemical cleaning and
UHV annealing were not beneficiary for ZnO surface cleaning.
The overall conclusion drawn from all three in-situ cleaning methods employed for
ZnO surfaces show the carbon contamination can be easily removed however, the
hydroxide signal persists indicating that it is the preferred termination of these
surface. The residual OH is estimated to be below 1 monolayer on all four ZnO
surfaces after surface cleaning and its presence may well reflect the re-adsorption
of hydroxide groups in the UHV environment. But by the result of removing
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carbon contamination on ZnO surfaces, the surface downward banding is turned
into upward band bending of more than 0.5 eV is achieved. The attainment
of (>0.5 eV) upward band bending by surface cleaning makes the ZnO surface
suitable for making schottky contacts.
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Appendix A
SIMS characterisation of ZnO
thin films
A.1 Introduction
Dynamic-Secondary Mass Ion Spectroscopy (D-SIMS) has been used to acquire
a chemical depth profile of e-beam deposited ZnO thin films. SIMS has been
used previously to detect elemental impurities in ZnO [1, 2] and to detect the
presence of residual gold in ZnO nanorod grown by the VPT process [3]. In this
study SIMS is used to identify the surface contamination on ZnO surface, obtain
a depth profile of the thin film chemical composition and study the interface
composition with a silicon substrate in order to derive a depth profile model.
A.2 Experimental
The ZnO films, 25 nm thick were deposited by e-beam evaporation of ZnO
(99.9%) pellets purchased from ABCR GmbH & Co. KG, Germany onto native
oxide covered silicon (100) substrates. The distance from the e-beam source to
both the substrate surface and the thin film quartz crystal monitor was ≈15 cm.
The base pressure in the vacuum system before deposition was 5 x 10−7 mbar,
while during evaporation the pressure typically rose to 7 x 10−5 mbar. For e-beam
settings of 5 kV and beam current of 26.3 mA, the measured deposition rate was
0.01 nm/second. Both positive and negative SIMS depth profiles were acquired
using an incident neutral 5 kV Ar beam. The sample current was measured to be
40 nA, which resulted in an etching rate of approximately 0.85 nm/minute. The
SIMS spectra were acquired at a background chamber pressure of 1x10−7mbar
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argon. The physical profile of the crater formed by the SIMS depth profiling was
measured with a Tencor P-2 profilometer.
A.3 Result and Discussion
Dynamic SIMS profiles were acquired for ZnO thin films with an estimated thick-
ness of 25 nm grown on silicon substrates. Mass spectra were initially acquired
from different regions of silicon surface with and without the ZnO film. The SIMS
bar analysis as shown in figure A.1 reflects the profile of the native oxide cov-
ered silicon surface with the detection of the isotopes of silicon (28Si+, 29Si+,
30Si+) and oxides of silicon SiO(m/z = 44), Si2O (m/z = 72). This spectrum
is consistent with the abundance of Si isotopes and oxide species of a standard
reference of silicon oxide [4] and was measured to ensure correct operation of the
instrument.
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Figure A.1: Mass spectrum for Silicon substrate
Figure A.2 shows the mass profile when the SIMS argon beam is incident on the
edge of the sample as it displays the presence of both ZnO related species with
isotopes of Zn (mass = 64, 67 & 70) and O (m/z = 16) as well as less inten-
sity substrate related silicon Si(m/z = 28), Si2(m/z = 56) its oxides
28Si+16O−,
44Si+322 O
−. The absence of a ZnO(m/z = 80) peak maybe evidence of the poor
growth of ZnO in edge of sample. Common contaminants widely detected in many
SIMS profiles of a wide range of materials such as 1H+, 12C+, 13C+, 23Na+, 39K+,
40Ca+ are clearly observed in the film composition. When the primary Ar+ ion
is moved fully onto the ZnO film, high intensity mass spectra for Zn ion and
zinc oxide compounds are clearly observed in figure A.3. The commonly detected
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Figure A.2: Mass spectrum of edge of the sample
natural contaminant of chlorine in ZnO material is present in this spectrum as
its isotopes 35Cl− and 37Cl− are seen. The SIMS-intensity distribution for pure
ZnO target matched well with the natural abundance of Zn and O combinations
previously reported by Meyer et al [5]. Again the substrate silicon and other ba-
sic contaminants 1H+, 12C+,13C+, 23Na+, 39K+, 40Ca+, were found. The mass
spectrum shown in figure A.4 displays very high intense peaks for both Zn iso-
topes 64Zn+, 66Zn+, 67Zn+, 68Zn+, 70Zn+ and all mass region of zinc oxide
64Zn+16O−, 66Zn+16O−, 67Zn+16O−, 68Zn+16O−, 70Zn+16O−, even double ZnO
species such as 128Zn+32O−, 132Zn+32O−, 136Zn+32O−, 140Zn+32O− are detected.
These results are consistent with reported SIMS spectra for ZnO [6]. A depth pro-
file analysis of zinc isotopes was performed to detect the high abundance isotopes
in the ZnO thin films and as shown in figure A.5, the 64Zn+ isotope which had
the highest abundance was subsequently used for depth profile analysis.
Depth profiles were undertaking by monitoring the intensity of 2H+ for adsorbed
hydroxide(OH) on ZnO surface, 64Zn+ abundance isotope for ZnO and 28Si+
abundance isotope for silicon substrate. The bombarding was carried out at a
base pressure of 1 x 10−7 mbar with constant argon flow. The depth profile rate
of 0.85 nm/min was estimated from a number of different experimental runs on
identically prepared films where the depth of the generated crater was measured
by profilometry. The depth profile through the ZnO film shown in figure A.6
allows a chemical composition model to be developed. The increase in the silicon
signal intensity at the interface between the ZnO film and the silicon substrate
is indicative of interface oxidation which reflects the presence of the native oxide
on the surface. The pure silicon substrate is seen after bombarding the sample
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Figure A.3: Mass spectra of (edge of film)ZnO thin film
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Figure A.4: abundance region (Centre of sample, uniform film) of ZnO film
for 43 minutes (36.5 nm). The depth profile model of this ZnO thin film is shown
in figure A.7. The surface topography of the SIMS depth profiled ZnO thin films
were characterised by profilometer in order to obtain the etch rate. The SIMS
generated crater is circular in shape with a diameter of 1.5 to 2 mm and has
uniform depth which was measured to determine the etch rate.
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Figure A.5: Isotope analysis of Zinc element for detection of abundance
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Figure A.6: Depth profile of H, Zn & Si in ZnO(25 nm) grown on Si(100) [where H & ZnO
signal were multiplied by 20
A.4 Conclusion
SIMS analysis of e-beam deposited ZnO thin films on native oxide covered silicon
surfaces has been undertaken. Details of the surface chemical composition and the
chemical depth profile have been deduced. The surface topography of the SIMS
craters generated during the depth profiling showed uniform ion milling and good
consistency with film thickness (25 nm) measured by SIMS depth profile (25.4
nm).
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Figure A.7: SIMS depth profile model of ZnO(25 nm)/ Si(100) thin film
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